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Microsporidia are highly specialised obligate intracellular parasites of 
other eukaryotes including humans1, that show extreme reduction at the 
molecular, cellular and biochemical level2,3.  Long thought to be early 
branching eukaryotes lacking mitochondria4, they have recently been 
shown to contain a tiny mitochondrial remnant called a mitosome2,5.   The 
function of the mitosome is unknown, because microsporidians lack the 
genes for canonical mitochondrial functions, such as aerobic respiration 
and heme biosynthesis. The microsporidial genomes encode, however, 
several components of the mitochondrial iron-sulphur (Fe/S) cluster 
assembly machinery. Here we provide the first experimental insights into 
the metabolic function and localisation of these proteins.  We cloned, 
functionally characterised and localised homologues of several central 
mitochondrial Fe/S cluster assembly components for the microsporidians 
Encephalitozoon cuniculi and Trachipleistophora hominis.  Several 
microsporidial proteins can functionally replace their yeast counterparts 
in Fe/S protein biogenesis. In E. cuniculi, the iron (frataxin) and sulphur 
(cysteine desulphurase, Nfs1) donors and the scaffold protein (Isu1) co-
locate with mitochondrial Hsp70 to the mitosome, consistent with it being 
the functional site for Fe/S cluster biosynthesis.  In T. hominis, 
mitochondrial Hsp70 and the essential sulphur donor (Nfs1) are still in the 
mitosome, but surprisingly the main pools of Isu1 and frataxin are 
cytosolic, creating a conundrum of how these key components of Fe/S 
cluster biosynthesis coordinate their function. Together, our studies 
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identify the essential biosynthetic process of Fe/S protein assembly as a 
key function of microsporidian mitosomes.  
The biosynthesis of iron-sulphur (Fe/S) clusters (ISC) is the only known 
essential biosynthetic function of yeast mitochondria6.  It is required for the 
maturation of mitochondrial and cytosolic proteins of diverse functions, and, 
critically, for the generation of a functional cellular protein synthesis machinery7.  
Fe/S protein biogenesis by the Saccharomyces cerevisiae mitochondrial ISC 
assembly machinery involves the de novo synthesis of a transiently bound Fe/S 
cluster on the scaffold proteins Isu1/Isu2. This step requires the cysteine 
desulphurase complex Nfs1-Isd118 as a sulphur donor, frataxin (Yfh1) as a 
putative iron donor and the input of electrons from ferredoxin (Yah1).  Fe/S 
cluster transfer from Isu1/Isu2 to target apoproteins is facilitated by a 
specialised mitochondrial Hsp70 (Ssq1), its co-chaperone Jac1 and the 
monothiol glutaredoxin Grx59. Phylogenetic analyses of Nfs110 and Isu111 
suggest that they were inherited from the mitochondrial endosymbiont, making 
Fe/S cluster assembly potentially one of the aboriginal contributions of the 
protomitochondrion to the eukaryotic cell.  
We cloned several E. cuniculi and T. hominis homologues of the yeast 
mitochondrial ISC assembly machinery including Isu1, Isd11, Nfs1, Yfh1, Ssq1 
and Grx5.  Sequence alignments showed that key amino acid residues required 
for the activity of yeast, human and bacterial ISC proteins are conserved in the 
respective proteins from both species (Supplementary Figs. S1-S6). Proteins of 
the expected size were detected in Western blots of T. hominis extracts using 
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specific antisera (Supplementary Fig. S7). Because there are no genetic 
methods for transforming or expressing genes in microsporidians, we tested the 
functionality of the E. cuniculi and T. hominis ISC proteins by complementation 
of yeast mutants deficient in the relevant components of mitochondrial Fe/S 
cluster biosynthesis12.  Since we failed to consistently detect any targeting 
signals in the microsporidial ISC proteins using the available prediction 
methods13, efficient localisation to the yeast mitochondrion was ensured by 
fusion of a well characterised fungal mitochondrial presequence to their N-
termini14.   
Transformation of a yeast ISU mutant cell (strain Gal-ISU1/∆isu2 in which 
the ISU2 gene is deleted and the ISU1 gene can be repressed by growth in the 
presence of glucose14) with a plasmid encoding T. hominis (Th)Isu1 fully 
rescued the growth defect observed upon depletion of yeast Isu1 (Fig. 1a). 
Likewise, ThIsu1 supported the maturation of Fe/S proteins in yeast as 
measured by the activity of the mitochondrial Fe/S enzymes aconitase and 
succinate dehydrogenase (Fig. 1b), or by the de novo maturation of aconitase 
and the cytosolic Fe/S protein isopropylmalate isomerase (Leu1) in a 
radiolabelling assay14 using 55Fe (Fig. 1c). The degree of complementation by 
ThIsu1 was similar to that by extrachromosomal expression of yeast Isu1. An 
additional measure of the ability of ThIsu1 to support cellular Fe/S protein 
assembly was provided by the observation that the mitochondrial iron 
accumulation developing upon functional defects of the ISC machinery14, was 
reduced in the Gal-ISU1/∆isu2 yeast mutant producing ThIsu1 (Fig. 1d). These 
data clearly demonstrate that ThIsu1 can replace the endogenous Isu proteins 
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as functional scaffold proteins in cellular Fe/S protein biosynthesis, and hence is 
a functional homologue of yeast Isu1. 
No complementation was observed upon expression of ThNfs1 in Nfs1-
depleted Gal-NFS1 yeast cells (not shown). When ThNfs1 was produced in E. 
coli, the vast majority of the protein was found in inclusion bodies (Fig. 1e and 
data not shown). We failed to detect ThNfs1-specific cysteine desulphurase 
activity in any of the fractions of E. coli extracts.  It has recently been shown8 
that yeast Nfs1 is stabilised by complex formation with the small protein Isd11. 
We therefore co-expressed ThNfs1 and ThIsd11, the microsporidian homologue 
of yeast Isd11. In this experiment, both ThNfs1 and ThIsd11 were co-isolated 
with E. coli membranes that contained ThNfs1/ThIsd11-specific cysteine 
desulphurase activity (Fig.1f).  Our data suggest that ThIsd11  stabilises ThNfs1 
by complex formation and, as in yeast8, that this complex represents the 
functional cysteine desulphurase of T. hominis. 
Functional complementation was also observed for two genes from E. 
cuniculi, YFH1 and GRX5. Upon targeting of the encoded proteins (EcYfh1 and 
EcGrx5, respectively) to mitochondria, both proteins rescued growth of the 
respective regulatable yeast ISC mutants (Supplementary Fig. S8), and 
restored both the activities (Fig. 2a) and the de novo assembly of mitochondrial 
Fe/S proteins (Fig. 2b). Notable, production of EcYfh1 without a mitochondrial 
presequence did not restore growth and function, but lead to efficient 
degradation of the protein (Supplementary Fig. 8c and data not shown). These 
data identify the two E. cuniculi proteins EcYfh1 and EcGrx5 as functional 
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homologues of their yeast counterparts. However, functional complementation 
was not generally observed. No rescue of the phenotypes of the respective 
yeast mutants was observed for ISU1 and NFS1 genes from E. cuniculi (not 
shown).  Apparently, these proteins do not functionally replace the homologous 
yeast ISC components under the applied assay conditions.  
Upon expression of ThmHsp70 a further decrease rather than an increase 
in the reduced growth rate of Ssq1-depleted Gal-SSQ1 cells15 was observed 
(not shown). Even in wild-type yeast cells over-production of ThmHsp70 
severely diminished the growth rate (Supplementary Fig. S9a).  To analyse 
whether this decreased growth rate was due to a specific dominant negative 
effect of heterologous ThmHsp70 on the function of the yeast mitochondrial ISC 
assembly machinery, we measured Fe/S protein maturation. Synthesis of 
ThmHsp70 in yeast significantly decreased the de novo assembly of 
mitochondrial and cytosolic Fe/S proteins (Supplementary Fig. S9b). To further 
define the reason for this effect, we tested whether over-production of 
ThmHsp70 leads to an accumulation of Fe/S clusters on the scaffold protein 
Isu1. It previously has been shown that Ssq1 is required for Fe/S cluster 
transfer from Isu1 to recipient apoproteins, and consequently its functional 
impairment leads to an accumulation of Fe/S clusters on Isu115,16. Upon over-
production of ThmHsp70 we observed a more than twofold increase of 
radiolabeled 55Fe/S clusters on Isu1 (Supplementary Fig. S9c). These antipodal 
effects of ThmHsp70 on Fe/S cluster association on Fe/S target proteins and 
Isu1 are similar to previous observations upon depletion of yeast Ssq115.  They 
suggest that the transfer of Fe/S clusters from Isu1 to apoproteins is inhibited by 
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ThmHsp70, and that ThmHsp70 specifically interferes with the normal function 
of yeast Ssq1.  
These functional data raised the question as to the sub-cellular localisation 
of the microsporidial proteins. To determine the location of the critical 
components Isu1, Nfs1 and frataxin (Yfh1) in both E. cuniculi and T. hominis, 
we used indirect immunofluorescence analyses (IFA) of parasite-infected rabbit 
kidney cells5, using antisera raised against recombinant T. hominis proteins or 
to recombinant EcmHsp70 - as a marker for the E. cuniculi mitosome.  In E. 
cuniculi, Isu1, Nfs1 and Yfh1 co-localised with mitosomal mHsp70 (Fig. 3).  
These data demonstrate that core elements of the ISC biosynthetic machinery 
localise to the E. cuniculi mitosome, consistent with the model developed for 
yeast mitochondria9.   By contrast, in T. hominis, the cysteine desulphurase 
Nfs1 and mHsp705 co-localised to the mitosome, but the major pools of ThIsu1 
and ThYfh1 are, so far uniquely for a eukaryote, in the cytosol (Fig. 4).  We 
cannot exclude by our IFA data the possibility that there is some minor pool of 
Isu1 and Yfh1 in the T. hominis mitosome, or of ThNfs1 in the cytosol. This 
disjunct distribution raises intriguing questions as to how the separated ISC 
components can perform their usually tightly coordinated function.  The 
functional data already demonstrate that ThIsu1 accepts sulphur from 
Saccharomyces mitochondrial Nfs1, because it can complement the yeast 
Isu1/2 mitochondrial mutant (Fig. 1).  How the persulphide moiety generated by 
the cysteine desulphurase activity of mitosomal ThNfs1 might be delivered to a 
cytosolic ThIsu1 scaffold is currently unknown.  However, even in well studied 
model systems like yeast9 there are still uncertainties about what essential 
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product of mitochondrial Fe/S biosynthesis is actually exported from 
mitochondria to support cytosolic Fe/S biosynthesis17. 
Until recently it was thought that some eukaryotes including Giardia 
lamblia, microsporidians like E. cuniculi and T. hominis, and Trichomonas 
vaginalis were descended from anaerobic nucleated cells that split from other 
eukaryotes before the mitochondrial symbiosis4.  All of these species were 
subsequently shown to possess double-membraned organelles, called 
mitosomes, or hydrogenosomes when they make hydrogen. These organelles 
import proteins using mitochondria-like protein import pathways4.  These 
discoveries underpin the current paradigm that all eukaryotes contain an 
organelle of mitochondrial ancestry; a mitochondrial homologue.  A testable 
prediction of this hypothesis is that mitochondrial homologues should have 
maintained at least one vital role that makes them indispensable for eukaryotic 
cells.  Comparison of the genomes of microbial eukaryotes with mitosomes18,19 
and hydrogenosomes20 has revealed that actually very little of the metabolome 
of yeast and human mitochondria is conserved across the eukaryotic tree. One 
pathway that is conserved, in one form or another21, is the biosynthesis of Fe/S 
clusters for insertion into Fe/S proteins; ancient and essential components of 
eukaryotic and prokaryotic cellular metabolism7,22.  Key proteins for the Fe/S 
pathway occur in human and plant mitochondria9,23,24 and in the Giardia 
mitosome11 and Trichomonas hydrogenosome25.  This remarkable degree of 
conservation underpins the hypothesis that the biosynthesis of Fe/S clusters 
might be a raison d’être of mitochondrial homologues6,7,9.   
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Microsporidia provide an important test of this hypothesis because, unlike 
Giardia and Trichomonas, which are extracellular anaerobic mucosal parasites, 
microsporidia are derived fungi that have undergone extreme genomic and 
cellular reduction as specialised obligate intracellular parasites of aerobic 
eukaryotes1,2.  The mitosomes of microsporidia are tiny (~50 nm by 90 nm) and 
structurally undifferentiated5,26, they lack a genome and their protein import 
pathway is rudimentary3.  Moreover, there are no obvious ways for the 
organelle to make or import ATP2.  Nevertheless the genome of E. cuniculi still 
encodes the core elements of the mitochondrial ISC machinery2, which we have 
now located experimentally to its mitosomes.  Trachipleistophora hominis has 
relocated the major pools of Isu1 and frataxin to the cytosol, but its mitosome 
contains at least two essential components, Nfs1 and mHsp70, of this pathway.   
These data strongly suggest that a key role of the mitosome is in the 
biosynthesis of microsporidian cytosolic Fe/S proteins, including Nar1 and Rli12, 
that are vital for cell survival9. 
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METHODS 
Growth of Encephalitozoon cuniculi and Trachipleistophora hominis. 
Rabbit kidney cells (RK-13) infected with E. cuniculi strain II (provided by Prof. 
Elizabeth Didier, Tulane University, USA) or T. hominis were grown as 
previously described5. 
Cloning of T. hominis NFS1, ISD11, ISU1 and YFH1.  Degenerate PCR 
primers were used to amplify partial fragments of T. hominis NFS1 and ISU1, 
then the 5' and 3' ends and flanking sequences were completed using RACE 
(Marathon cDNA Amplification Kit, Clontech) and RAGE techniques5. The 
complete ThNFS1 and ThISU1 ORFs were confirmed using T. hominis genomic 
DNA as a template for PCR. The genes for frataxin (ThYFH1) and Isd11 
(ThISD11) were obtained from an ongoing project to sequence the T. hominis 
genome. 
Yeast strains, cell growth and Fe/S protein detection methods.  
Saccharomyces cerevisiae strain W303-1A (MATa, ura3-1, ade2-1, trp1-1, his3-
11, 15, leu2-3, 112) was used as the reference wild-type strain, Gal-
ISU1/∆isu215, Gal-SSQ115, Gal-GRX515, and Gal-YFH127 derivatives served for 
complementation studies. Yeast cell growth in rich or minimal media containing 
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the appropriate carbon sources, radiolabelling experiments of Fe/S proteins 
using 55Fe, and the measurement of mitochondrial and cytosolic enzyme 
activities were performed as described12.  
Plasmids for expression of microsporidian genes in yeast.  The T. hominis 
genes ISU1, NFS1, and mHSP70 were cloned into the yeast vector p426GPD, 
which contains the strong constitutive promoter of the glyceraldehyde-3-
phosphate dehydrogenase gene28.  Targeting of T. hominis proteins into yeast 
mitochondria was achieved by cloning the N-terminally truncated proteins 
behind the mitochondrial Neurospora crassa F1-ATPase subunit β 
presequence14. The E. cuniculi ISC genes were cloned into vector p426GPD 
containing or lacking the coding information for the mitochondrial presequence 
of subunit 9 of N. crassa Fo-ATPase14. Yeast ISU1 was cloned in vector 
p424GPD.  
Protein expression in E. coli. ThISU1, ThNFS1 and ThYFH1 were cloned into 
the pQE-40 expression vector (QIAGEN) and expressed in E. coli M15 [pREP4] 
cells as recombinant histidine-tagged native proteins, or as dihydrofolate 
reductase (DHFR)-fusion proteins to enhance the efficiency of expression. In 
initial experiments T. hominis native Nfs1 was found to be poorly immunogenic, 
so it was also expressed as a synthetic peptide (Nfspeptides) comprising the 
most variable domains of the protein. Expressed proteins were purified by gel 
electrophoresis for the (commercial) generation of mouse, rabbit or rat antisera. 
ThNFS1 and ThISD11 encoding an N-terminal His-tag were cloned into pET-
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DUET1 (Novagen). After expression, a cell extract was produced and 
membranes were isolated by centrifugation at 150,000 xg for 30 min.  
Western blotting.  Total cell extracts were prepared from T. hominis purified 
spores, RK-13 cells infected with T. hominis, or uninfected RK-13 cells as a 
control.  Extracts were blotted onto nitrocellulose membrane and blocked using 
standard protocols. Membranes were incubated with mouse anti-ThIsu1 
(1:500), rabbit anti-ThmHsp70 (1:1000), rabbit anti-ThNfs1 (1:1000) or rabbit 
anti-ThYfh1 (1: 500) followed by secondary anti-mouse or anti-rabbit antibodies 
conjugated to peroxidase (Molecular Probes) and detected using ECL. 
Immunolocalisation of frataxin, Isu1, Nfs1 and mitochondrial Hsp70 
homologues in E. cuniculi and T. hominis.  Rabbit kidney (RK-13) cells 
infected with either E. cuniculi or T. hominis were grown on cover slips until 
confluent and then fixed in acetone/methanol 50:50 v/v at -20°C for two hours 
prior to further processing for IFA.  Meronts of E. cuniculi were also 
concentrated by disruption of infected RK-13 cells followed by filtration through 
glass wool29. The concentrated meronts were then placed onto poly-L-lysine-
coated cover slips.  After blocking with 5% milk in PBS, slides were incubated 
with a 1% milk-PBS solution with the relevant antiserum, and then subsequently 
incubated with goat fluorescent dye-conjugated secondary antibodies for 1 h.  In 
assays in which two antibodies were raised in the same host (rabbit), we first 
purified (Melon IgG spin Purification kit – PIERCE) and then biotinylated one of 
the antibodies (EZ-link Sulfo NHS-LC- Biotinylation Kit - PIERCE) to enable 
detection via a streptavidin conjugate.   The fluorescent dyes used were Alexa 
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633 (red), Alexa 594 (red), or Alexa 488 (green) (Invitrogen). The labelled cells 
were visualized under a laser scanning confocal microscope Leica TCS SP2 UV 
using a X63 lens (Plan Apo 1.32nA).  Images were collected using the 
manufacturers software (Leica Microsystems, Heidelberg, GmbH). Software 
and images were processed and merged using Adobe Photoshop CS2. 
 
Figure Legends 
 
Figure 1. Trachipleistophora hominis ISC proteins are functional in Fe/S 
cluster biosynthesis reactions. a, Rescue of the growth of a yeast mutant 
deficient in the Isu proteins by T. hominis Isu1 (ThIsu1).  S. cerevisiae has two 
copies of the ISU genes, ISU1 and ISU2, which have an overlapping function14.  
A chromosomal mutant Gal-ISU1/∆isu2 lacks the ISU2 gene yet allows the 
expression of ISU1 under the control of the GAL1-10 promoter which is induced 
in the presence of galactose (Gal) and repressed by glucose (Glc) leading to a 
severe growth defect14.  Expression of ThIsu1 carrying a mitochondrial targeting 
sequence from Neurospora crassa F1-ATPase subunit β fully restores wild-type 
growth on glucose.  b, Synthesis of mitochondria-targeted ThIsu1 in Isu1-
depleted cells supports mitochondrial Fe/S protein assembly. Gal-ISU1/∆isu2 
cells were transformed with plasmid p426 containing either no insert (-) or 
genes encoding ThIsu1 or yeast Isu1. Mitochondria were purified, the activities 
of two mitochondrial Fe/S cluster-containing enzymes, aconitase (Aco1) and 
succinate dehydrogenase (SDH), were measured and plotted relative to the 
activity of a non-Fe/S containing mitochondrial enzyme, malate dehydrogenase 
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(MDH). A control experiment was performed with wild-type (WT) cells. c, 
Mitochondria-targeted ThIsu1 supports de novo Fe/S protein assembly of both 
aconitase and cytosolic isopropylmalate isomerase (Leu1). Gal-ISU1/∆isu2 
cells, transformed with plasmid p426 containing either no insert (-) or genes 
encoding yeast Isu1 or ThIsu1, were radiolabeled with 55Fe, and a cell extract 
was prepared12.  Immunoprecipitation using anti-Leu1 (α-Leu1) or anti-
aconitase (α-Aco1) antibodies or preimmune serum (PIS), was performed and 
co-precipitated 55Fe was quantified by scintillation counting. The inset shows 
Western blots of Leu1, Aco1, and the loading control porin from samples used 
for 55Fe incorporation assays. In the absence of functional Isu proteins, the 
apoform of Aco1 is highly sensitive to degradation and was present in low 
amounts only. d, Expression of mitochondria-targeted ThIsu1 reduces the 
accumulation of free iron in yeast mitochondria depleted in their Isu proteins. 
Non-heme, non-Fe/S (“free”) iron associated with isolated mitochondria from 
part b was measured by the bathophenantroline method12. e, ThNfs1 and 
ThIsd11 carrying an N-terminal His-tag were co-expressed in E. coli. Cell 
extracts (Total) were used for the isolation of the membrane fraction by 
ultracentrifugation. Aliquots were analysed by SDS-PAGE and immunostaining 
with antibodies against ThNfs1 or the His-tag of ThIsd11. The asterisk indicates 
degradation products of ThNfs1. f, Membranes as isolated in e were lysed in 
buffer containing 1.5% digitonin, and the cysteine desulphurase activity was 
estimated (a.U., arbitrary units)30. 
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Figure 2. Mitochondrial-targeted EcYfh1 and EcGrx5 (partially) restore 
Fe/S protein maturation in Yfh1- and Grx5-depleted yeast cells. a, 
Mitochondria were isolated from wild-type cells (WT), Gal-YFH1 cells lacking (-) 
or expressing the fusion gene pSu9EcYFH1, and Gal-GRX5 cells lacking (-) or 
expressing the fusion gene pSu9EcGRX5 after growth in minimal medium 
containing glucose in order to deplete Yfh1 or Grx5 (see Supplementary Fig. 
S8). The enzyme activities of aconitase and succinate dehydrogenase (SDH) 
were measured and plotted relative to the activities of malate dehydrogenase 
(MDH). b, EcYfh1 and EcGrx5 support the de novo assembly of mitochondrial 
Fe/S proteins. Biotin synthase (Bio2) was overproduced in cells described in 
part a, and cells were grown in iron-poor minimal medium containing glucose. 
Fe/S protein assembly was measured by the radiolabelling and 
immunoprecipitation assay described in Fig. 1c using antibodies specific for 
biotin synthase (α-Bio2). Synthesis of mitochondria-targeted EcYfh1 or EcGrx5 
restored 55Fe/S cluster incorporation into Bio2. 
 
Figure 3. Cellular localisation of Isu1-, Yfh1- and Nfs1-like proteins in E. 
cuniculi by immunofluorescence and confocal microscopy. The nuclei of 
purified parasites were labelled with DAPI (blue). a – c, rabbit antisera (1:10 
dilution) to T. hominis Isu1 (a, red) co-locates with biotinylated rabbit antisera 
(1:10) raised to the mitosomal marker protein E. cuniculi mHsp70, labeling (b, 
green and c, yellow merge) discrete structures reminiscent of T. hominis5 
mitosomes (see also Figure 4). e – g, rabbit antisera (1:50) to T. hominis Yfh1 
(e, red) co-locates with EcmHsp70 (f, green, g, yellow merge). i – k, rabbit 
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antisera (1:50) to T. hominis Nfs1 peptides (i, red) co-locates with EcmHsp70 
positive structures (j, green, k, yellow merge).  d,h,l, differential interference 
contrast (DIC) images of the cells used for immunofluorescence.    
 
Figure 4. Cellular localisation of Isu1-, Yfh1- and Nfs1-like proteins in T. 
hominis. The nuclei of rabbit kidney host cells (large nuclei) and parasites 
(small nuclei) were labelled with DAPI (blue). a – c, mouse antisera (1:10 
dilution) to T. hominis Isu1 detects the cytosol (a, red) of T. hominis whereas 
the rabbit antibody (1:500) to T. hominis mitosomal Hsp70 detects (b, green 
and c, merge) discrete structures corresponding to mitosomes5.  e – g, rat 
antisera (1:10) to T. hominis Yfh1 detects the cytosol (e, red) of T. hominis 
whereas ThmHsp70 locates to mitosomes (f, green, g, merge). i – k, rabbit 
antisera (1:50) to T. hominis Nfs1 peptides (i, red) co-locates with discrete 
structures labelled with biotinylated antibody (1:10) to ThmHsp70 (j, green, k, 
yellow merge). d,h,l, differential interference contrast (DIC) images of the cells 
used for immunofluorescence.    
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Tr_hom  Isu  ------------------------MLTPFNNFFQQRQNYHSSVIDHFENPRNVGSYDKSA 
En_cun  Isu  -------------------------MSALQELSGITGKYDSSVVDHFENPRNVGSLDKTD 
An_loc  Isu  ----------------------------MNKLEKVVSKYHSNVVDHFSKPRNVGSFDKNA  
Ho_sap1 Isu  -----------------------------MVLIDMSVDLSTQVVDHYENPRNVGSLDKTS 
Ho_sap2 Isu  ----MAAAGAGRLRRVASALLLRSPRLPARELSAPARLYHKKVVDHYENPRNVGSLDKTS 
Sa_cer1 Isu  ----MLPVITRFARPALMAIRPVNAMGVLRASSITKRLYHPKVIEHYTHPRNVGSLDKKL 
Sa_cer2 Isu  ------------MFARLANPAHFKPLTGSHITRAAKRLYHPKVIDHYTNPRNVGSMDKSL 
Tr_vag  Isu  ------------------MLAAVSRSSALNMMKPLGIMYHENVNKHFKNPQNTGSLDMKA 
Pl_yoe  Isu  -MNRRLLNQCFQRSRRCSYINVLKINNTNNGYQLHCRNYSDNVKDHFNKPRNVGSFDKNE 
Cr_par  Isu  -------------MLQLRQLIDKRILIKKCVPICQRLFYSDTVHDHFRNPRNVGSLPSDD 
Gi_int  Isu  ----------MTSLQLSSTSLLQSVARFLTKKTSSDEVYSELAMQHYRTPVNIGTLDDDD 
Ri_pro  IscU ------------------------------------MAYSKKVIDHYENPRNVGSLDKKK 
Es_col  IscU ------------------------------------MAYSEKVIDHYENPRNVGSFDNND 
Az_vin  NifU -----------------------------------MWDYSEKVKEHFYNPKNAGAVEGAN 
En_his  NifU ------------------------MSKNKLIGGALWEHYSKKVKDHMDNPQHRGEITEEE 
Ca_jej  NifU ------------------------MGKNSLIGGSIWDEYSQKVQDRMNNPQHMGEFSEED 
 
Tr_hom  Isu  ND-----VGTGLVGAPACGDVMKLQIKVEND--IIKDAKFRTFGCGSAIASSSLATEWIK 
En_cun  Isu  PR-----VGTGMVGAPACGDVMKLQIKVGKDN-VIEDAKFKTFGCGSAIASSSLATEWIK 
An_loc  Isu  SD-----VGTGIVGAPACGDVMKLQIKVEDN--IIKDAVFRTFGCGSAIASSSLATEMIK 
Ho_sap1 Isu  KN-----VGTGLVGAPACGDVMKLQIQVDEK-GKIVDARFKTFGCGSAIASSSLATEWVK 
Ho_sap2 Isu  KN-----VGTGLVGAPACGDVMKLQIQVDEK-GKIVDARFKTFGCGSAIASSSLATEWVK 
Sa_cer1 Isu  PN-----VGTGLVGAPACGDVMRLQIKVNDSTGVIEDVKFKTFGCGSAIASSSYMTELVQ 
Sa_cer2 Isu  AN-----VGTGIVGAPACGDVIKLQIQVNDKSGIIENVKFKTFGCGSAIASSSYMTELVR 
Tr_vag  Isu  PD-----VGTGIVGAPACGDALKLQVKINDK-GVIEDVKFRAFGCPAAVASSSLATTMIK 
Pl_yoe  Isu  KN-----VGTSIVGKASCGDVIKLQLKIEDN--VIKDARFMAFGCGSAIASSSYATELIK 
Cr_par  Isu  KN-----VGTAVVGKASCGDVVKLQVDIRDG--IIKDAKFKTFGCGSAIASTSYATELII 
Gi_int  Isu  EH-----VGSGLVGAPACGDVMRLQIKVGDD-GKISEAKFKTFGCGAAIASSSYATSLLQ 
Ri_pro  IscU KN-----VGTGLVGAPACGDVMKLQIEVGDD-EIITDAKFKTFGCGSAIASSSLVTEWIK 
Es_col  IscU EN-----VGSGMVGAPACGDVMKLQIKVNDE-GIIEDARFKTYGCGSAIASSSLVTEWVK 
Az_vin  NifU AI--------GDVGSLSCGDALRLTLKVDPETDVILDAGFQTFGCGSAIASSSALTEMVK  
En_his  NifU GKEHGWKVIVADWGAEACGDAVRMYWGVNPKTNIVEKATFKSFGCGTAIASSDVTAELCI 
Ca_jej  NifU AKARNAKLIVADFGAESCGDAVRLFWLVDEKTDKIIDAKFKSFGCGTAIASSDTMVDLCI 
 
Tr_hom  Isu  GKSISDSLKITNKDIAKKLS-------LPPVKLHCSMLAEDAIKAAISDYQKKNGL---- 
En_cun  Isu  KKTIDESLKISNRDIAKKLS-------LPPIKLHCSMLAEDAIKMAIKDFLDKNKPSP-- 
An_loc  Isu  GKTIDDSLKLSNIEIAKKLS       LPPVKLHCSMLAEDAIRSAVMDYKSKRANK--- 
Ho_sap1 Isu  GKTVEEALTIKNTDIAKELC-------LPPVKLHCSMLAEDAIKAALADYKLKQEPKKGE 
Ho_sap2 Isu  GKTVEEALTIKNTDIAKELC-------LPPVKLHCSMLAEDAIKAALADYKLKQEPKKGE 
Sa_cer1 Isu  GMTLDDAAKIKNTEIAKELS-------LPPVKLHCSMLAEDAIKAAIKDYKSKRNTPTML 
Sa_cer2 Isu  GMSLDEAVKIKNTEIAKELS-------LPPVKLHCSMLAEDAIKAAIKDYKTKRNPSVLH 
Tr_vag  Isu  GKTVEEALAIKNTAIAKELN-------LPPVKQHCSMLAQDAIKAAINSWRKKQAAKKAA 
Pl_yoe  Isu  GKTIDEALKIKNNDIASHLN-------LPPVKIHCSLLAEDAIKHAIKNYREKVIN---- 
Cr_par  Isu  GKTTEEALKINNKTIADHLN-------LPPIKLHCSLLAEDAIKHAIKNYQDKQLKS--- 
Gi_int  Isu  GKSLEEASQIKNTDISDKLG-------LPPVKLHCSVLAEDAIRQAIDDYKRKRGSKIQV 
Ri_pro  IscU GKSVEDAKEIKNTEIAKELS-------LPPVKLHCSLLAEDAIKAAIADYKQKRENKKDS 
Es_col  IscU GKSLDEAQAIKNTDIAEELE-------LPPVKIHCSILAEDAIKAAIADYKSKREAK--- 
Az_vin  NifU GLTLDEALKISNQDIADYLDG------LPPEKMHCSVMGREALQAAVANYRGETIEDDHE  
En_his  NifU GKTVDECLKITNLDVERAMRDSPDVPTVPPQKMHCSVMSYDVVKKAASLYKGVNVEDLDD 
Ca_jej  NifU GKTVDEAVKITNLDVEFAMRDNPETPAVPPQKMHCSVMAYDVIKQAAAHYKGISPEDFED 
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Tr_hom  Isu  ------------------------------------------------------------ 
En_cun  Isu  ------------------------------------------------------------ 
An_loc  Isu  ------------------------------------------------------------ 
Ho_sap1 Isu  AEKK-------------------------------------------------------- 
Ho_sap2 Isu  AEKK-------------------------------------------------------- 
Sa_cer1 Isu  ------------------------------------------------------------ 
Sa_cer2 Isu  ------------------------------------------------------------ 
Tr_vag  Isu  AK---------------------------------------------------------- 
Pl_yoe  Isu  ------------------------------------------------------------ 
Cr_par  Isu  ------------------------------------------------------------ 
Gi_int  Isu  SKSS-------------------------------------------------------- 
Ri_pro  IscU ------------------------------------------------------------ 
Es_col  IscU ------------------------------------------------------------ 
Az_vin  NifU EGALICKCFAVDEVMVRDTIRANKLSTVEDVTNYTKAGGGCSACHEAIERVLTEELAARG 
En_his  NifU EEIVCSCARVSLRLIKDTIRLND-LKTVEDITHYTKAGAFCGSCVRPGGHEEKKYYLEDI 
Ca_jej  NifU QIIVCECARVSLGTIKEVIKLND-LHSVEEITQYTKAGAFCKSCIKPGGHEKRDYYLVDI 
 
 
Tr_hom  Isu  ------------------------------------------------------------ 
En_cun  Isu  ------------------------------------------------------------ 
An_loc  Isu  ------------------------------------------------------------ 
Ho_sap1 Isu  ------------------------------------------------------------ 
Ho_sap2 Isu  ------------------------------------------------------------ 
Sa_cer1 Isu  ------------------------------------------------------------ 
Sa_cer2 Isu  ------------------------------------------------------------ 
Tr_vag  Isu  ------------------------------------------------------------ 
Pl_yoe  Isu  ------------------------------------------------------------ 
Cr_par  Isu  ------------------------------------------------------------ 
Gi_int  Isu  ------------------------------------------------------------ 
Ri_pro  IscU ------------------------------------------------------------ 
Es_col  IscU ------------------------------------------------------------ 
Az_vin  NifU EVFVAAPIKAKKKVKVLAPEPAPAPVAEAPAAAPKLSNLQRIRRIETVLAAIRPTLQRDK 
En_his  NifU LRQTRAEMEIEKMKVNCNS-NDFEKLTMVKKISKLNQVFEQYIDPIVKKDGGSVEVYEVK 
Ca_jej  NifU LAETRAEIDREKLKNTMKSDVAFDEMTVVGQLKAVESVLDAEIRPMLHNDGGDLEVIDIQ 
 
 
Tr_hom  Isu  ------------------------------------------------------------ 
En_cun  Isu  ------------------------------------------------------------ 
An_loc  Isu  ------------------------------------------------------------ 
Ho_sap1 Isu  ------------------------------------------------------------ 
Ho_sap2 Isu  ------------------------------------------------------------ 
Sa_cer1 Isu  ------------------------------------------------------------ 
Sa_cer2 Isu  ------------------------------------------------------------ 
Tr_vag  Isu  ------------------------------------------------------------ 
Pl_yoe  Isu  ------------------------------------------------------------ 
Cr_par  Isu  ------------------------------------------------------------ 
Gi_int  Isu  ------------------------------------------------------------ 
Ri_pro  IscU ------------------------------------------------------------ 
Es_col  IscU ------------------------------------------------------------ 
Az_vin  NifU GDVELIDVDGKNVYVKLTGACTGCQMASMTLGGIQQRLIEELGEFVKVIPVSAAAHAQME 
En_his  NifU DGVNGEIIVYIQYSGKCVGCAAANGATKEKIQTILRDTLSKKIIVIPVDLPHTHDDDLIE 
Ca_jej  NifU KAEGAAIDVYIRYLGACSGCSSGSGATLYAIETILQEELSPNIRVMPV------------ 
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Tr_hom  Isu  -------------- 
En_cun  Isu  -------------- 
An_loc  Isu  -------------- 
Ho_sap1 Isu  -------------- 
Ho_sap2 Isu  -------------- 
Sa_cer1 Isu  -------------- 
Sa_cer2 Isu  -------------- 
Tr_vag  Isu  -------------- 
Pl_yoe  Isu  -------------- 
Cr_par  Isu  -------------- 
Gi_int  Isu  -------------- 
Ri_pro  IscU -------------- 
Es_col  IscU -------------- 
Az_vin  NifU V------------- 
En_his  NifU QLENETTLNIKKKD 
Ca_jej  NifU -------------- 
 
 
Figure S1.  Conservation of functionally important residues in microsporidian scaffold 
protein (Isu1) sequences. Sequence alignment of Isu protein sequences against orthologous 
bacterial IscU and paralogous NifU sequences. Isc refers to the iron-sulfur cluster machinery 
required for the generation of mitochondrial and cytosolic Fe/S proteins, while NIF refers to 
nitrogen fixation machinery dedicated to the assembly of the complex bacterial Fe/S protein 
nitrogenase. 
 
Key to organism names: Tr_hom, Trachipleistophora hominis; En_cun, Encephalitozoon cuniculi; 
An_loc , Antonospora loscustae; Ho_sap, Homo sapiens; Sa_cer, Saccharomyces cerevisiae; 
Tr_vag, Trichomonas vaginalis; Pl_yoe, Plasmodium yoelii; Cr_par, Crystosporidium parvum; 
Gi_int, Giardia intestinalis; Ri_pro, Rickettsia prowazekii; Es_col, Escherichia coli; Az_vin, 
Azotobacter vinelandii; En_his, Entamoeba Histolytica; Ca_jej, Campylobacter jejuni.   
 
The conserved tyrosine residue found in virtually all Isu/IscU/NifU proteins is highlighted in green.  
Interestingly, this residue is not present in one of the isoforms (Ho_sap1) of human Isu, and this 
isoform does not complement Isu1/2p depleted yeast cells1. Conserved cysteines (ThIsu1p 49, 74 
and 117) that form the critical iron binding site are highlighted in grey2,3.  In A. vinelandii, IscU 
cysteine 37 (equivalent to 49 in ThIsu1p) is involved in the formation of the heterodisulfide complex 
with IscS4. Residues in Isu/IscU family members that are responsible for the functional interaction5 
with Ssq1 are highlighted in blue. This motif is not present in NifU.  The conserved aspartate 
residue (51) that is thought to play a role in the release of transient Fe-S from NifU6 is highlighted in 
yellow.  
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Tr_hom  Nfs   -MPLPNQIATSNVETKNFASLKRSDEPIAIAQASRTPAKIYFDFQATTPVDPRVLDAMLP 
En_cun  Nfs   ------MIGGLKSCIEQPSLPKPSTLLPQDKACDTGGKRIFLDVQSTTPVDPRVLDAMLP 
An_loc  Nfs   ---------MGPSLRHLLEASVDLTLMIPSVASTGVPRRIYMDFQATTPMDPRVLDAMIP 
Ho_sap  Nfs   PKPAAPTRGLRLRVGDRAPQSAVPADTTAAPEVGPVLRPLYMDVQATTPLDPRVLDAMLP 
Sa_cer  Nfs   KAQASARASASGTTPDAVVASGSTAMSHAYQENTGFGTPIYLDMQATTPTDPRVLDTMLK 
Tr_vag2 Nfs   ---------------------------MLGSVSRSYFKGHYLDTQATSVLDPRVFDTMIP 
Tr_vag1 Nfs   ---------------------------MLTNLYNKAFHGHYLDAQATSILDPRVLDAMLP 
Pl_yoe  Nfs   QNGAQNDAKQSGDFEFSDNKQIELIANFMSKEKEKKMNRFYLDSQATTMIDPRVLDKMMP 
Cr_par  Nfs   ----MIVHRYCRQWAPSVVRGISKLAFFSSMSSIAKKRPAYFDYQATTPVDPRVLDKMMP 
Gi_int  Nfs   --------------------------------------MIYLDNQATTAIDPRVLAKMVP 
Ri_pro  IscS  ----------------------------MNQQLKNLTLPIYMDYQSTTPIDPRVMEAMLP 
Es_col  IscS  ---------------------------MMYGVYRAMKLPIYLDYSATTPVDPRVAEKMMQ 
Az_vin  Nifs  ------------------------------------MADVYLDNNATTRVDDEIVQAMLP 
En_his  Nifs  ---------------------------------MQSTKSVYLDNNATTMVDPEVLNSMLP 
Ca_jej  Nifs  -------------------------------------MKVYLDNNATTMLDPNAYELMLP 
 
Tr_hom  Nfs   YFTK--KYGNPHSRTHSFGWESEKAVETARKQVADLIGAHE-KEIIFTSGATESNNLAIK 
En_cun  Nfs   FYTT--VFGNPHSRTHRYGWQAEAAVEKARSQVASLIGCDP-KEIIFTSGATESNNLALK 
An_loc  Nfs   YYTT--AFGNAHSRTHTYGWNAEKGVEEARAKLAQLINCDP-REIIFTSGATESNNLALK 
Ho_sap  Nfs   YLIN--YYGNPHSRTHAYGWESEAAMERARQQVASLIGADP-REIIFTSGATESNNIAIK 
Sa_cer  Nfs   FYTG--LYGNPHSNTHSYGWETNTAVENARAHVAKMINADP-KEIIFTSGATESNNMVLK 
Tr_vag2 Nfs   YETY--VHGNAHSKQHGFGQEAMAAVEKARKSVADLINAKP-NEIIFTSGATECNNIAIK 
Tr_vag1 Nfs   FETH--KHGNPHSTQHGFGKEAHDAVEKARKDIARAINAEP-NEIIFTGGATECGNISIK 
Pl_yoe  Nfs   YMTY--IYGNAHSRNHFFGWESEQAVEDARANLIKLLNGNNNKEIIFTSGATESNNLALI 
Cr_par  Nfs   FFTE--KFGNSHSRTHGYGWEAEEAVENARTNIANLIKCLP-KEIIFTSGATESNNTIIR 
Gi_int  Nfs   YMTT--NFANVHS-THRLGRSLRKVVEKAREQVAGAIGAAP-GEIIFTSGATESNNIALK 
Ri_pro  IscS  YFTT--KFGNPHSRSHSFGWEAENAVENARSMVAKVIGADS-KEIIFTSGATESNNLVIK 
Es_col  IscS  FMTMDGTFGNPASRSHRFGWQAEEAVDIARNQIADLVGADP-REIVFTSGATESDNLAIK 
Az_vin  Nifs  FFTE--QFGNPSS-LHSFGNQVGMALKKARQSVQKLLGAEHDSEILFTSCGTESDSTAIL 
En_his  Nifs  YFSE--IYGNPNS-LHAFGQKARKALSDSLDIIYECIGASDDDTVLITANSTEGNNTVLK 
Ca_jej  Nifs  FLKD--MYGNPNS-LHQYGSATHPALREALDKLYAGLGANDLDDIVVTSCATESINWVLK 
 
Tr_hom  Nfs   GAVDWKAQDGNP-----------------------------------------------V 
En_cun  Nfs   GVSGFKLKEGKA-----------------------------------------------A 
An_loc  Nfs   GLVEFRVREKLASAIEESTKHNRLESEVKEEEHAEHSREAQVNDNTLSAIIKKHSGTWRP 
Ho_sap  Nfs   GVARFYRS-RKK------------------------------------------------ 
Sa_cer  Nfs   GVPRFYKK-TKK------------------------------------------------ 
Tr_vag2 Nfs   GAMGYLKNSGKK------------------------------------------------ 
Tr_vag1 Nfs   GSMRYLKQKGKK------------------------------------------------ 
Pl_yoe  Nfs   GTCTYYNKLNNK----------------------------------------------KN 
Cr_par  Nfs   GVCDIYGDIENK----------------------------------------------KN 
Gi_int  Nfs   GVCHFYGDDKP------------------------------------------------- 
Ri_pro  IscS  GIAKFYGN-KKK------------------------------------------------ 
Es_col  IscS  GAANFYQK-KGK------------------------------------------------ 
Az_vin  Nifs  SALK---AQPER-----------------------------------------------K 
En_his  Nifs  TMLARYETMKGR-----------------------------------------------N 
Ca_jej  Nifs  GVYFDHILDKER-----------------------------------------------N 
 
Tr_hom  Nfs   HVITTQVEHKCVLDSMRFLEEKGARVTYMKVNKDGVIDLEELKRSIS---------DDTV 
En_cun  Nfs   HIITLQTEHKCILDTCRNLEENGVEVTYLPVGNDGVVDIDDVKKSIK---------ENTV 
An_loc  Nfs   HIITTQTEHKCVLDTCRYLEEMGCDVTYLPVNEEGVVSLEDLEKAIR---------KDTV 
Ho_sap  Nfs   HLITTQTEHKCVLDSCRSLEAEGFQVTYLPVQKSGIIDLKELEAAIQ---------PDTS 
Sa_cer  Nfs   HIITTRTEHKCVLEAARAMMKEGFEVTFLNVDDQGLIDLKELEDAIR---------PDTC 
Tr_vag2 Nfs   HVIVSSIEHKCVIESARALQKEGFDATFLQVGKDGRVDPKEVAKNIR---------PDTG 
Tr_vag1 Nfs   HLIVSNVEHKCILESALDLEPEGFEATILPVKKDGTVDPADVEKAIR---------PDTG 
Pl_yoe  Nfs   HIITSQIEHKCILQTCRYLQTKGFEVTYLKPDANGLIKLEDLKNSIK---------ENTI 
Cr_par  Nfs   HIITTQIEHKCVLSTLRELELKGFRVTYLKVNNKGLISLEELEKSIIP--------GETI 
Gi_int  Nfs   HLAISRIEHKCVLESARKLESEGFKLHWIDVDDEGLVKLDQLQDLLKTYYDPEEEESKVA 
Ri_pro  IscS  HIITLVSEHKCVLNACRHLEQEGIKITYLPIKSNGIIDLETLKNAIT---------DQTL 
Es_col  IscS  HIITSKTEHKAVLDTCRQLEREGFEVTYLAPQRNGIIDLKELEAAMR---------DDTI 
Az_vin  Nifs  TVITTVVEHPAVLSLCDYLASEGYTVHKLPVDKKGRLDLEHYASLLT---------DDVA 
En_his  Nifs  KIIVSQIEHPSISESEKYLKERGIEVIKMPVNEDGVVDPKDLERLID---------DKTA 
Ca_jej  Nifs  EVIISSVEHPAVTAAAYFLKSLGVKVIELPVNEEGVSTVEDLRKVIS---------DKTA 
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Tr_hom  Nfs   LVSIMGVNNEIGTVQPLEEIGKICKERNVLFHCDAAQMFGKLKIDVNKMNIDLLSISGHK 
En_cun  Nfs   LVSIGAVNSEIGTVQPLKEIGMLCKERGVLFHTDAAQGVGKIQIDVNEMNIDLLSMCAHK 
An_loc  Nfs   LISIMAVNNEIGTIQPLTEIGAIAKKHNVPFHCDAAQAVGKIEIDVNRMNIGMMSISGHK 
Ho_sap  Nfs   LVSVMTVNNEIGVKQPIAEIGRICSSRKVYFHTDAAQAVGKIPLDVNDMKIDLMSISGHK 
Sa_cer  Nfs   LVSVMAVNNEIGVIQPIKEIGAICRKNKIYFHTDAAQAYGKIHIDVNEMNIDLLSISSHK 
Tr_vag2 Nfs   LVSCMLVNNEIGSINPVQEISKICKSKGVWFHTDAAQGFGKIPIDVKKIGANFMSISGHK 
Tr_vag1 Nfs   LVSCMAVNNEIGTINPLADIAQVCKAHDVLFHTDAAQAFGKIPIDVKKMGINLLSLTGHK 
Pl_yoe  Nfs   LASFIYVNNEIGVIQDIENIGKICKENKIIFHTDASQAVGKIKIDVQKLNIDLLSLSSHK 
Cr_par  Nfs   LASIMHVNNEIGVIQPMNLIGEICKKYNVLFHSDVAQGLGKINIDVDKWNADFLSLSAHK 
Gi_int  Nfs   IVSIMAANNEIGTIQDLGAIGKVCEQYETLFHTDAAQALGKIPLDVVRDKIDLMSLSGHK 
Ri_pro  IscS  LVSVMAVNNEIGVIQPLKEIGKICRERNVFFHSDIAQGFGKIPINVNECNIDLASISGHK 
Es_col  IscS  LVSIMHVNNEIGVVQDIAAIGEMCRARGIIYHVDATQSVGKLPIDLSQLKVDLMSFSGHK 
Az_vin  Nifs  VVSVMWANNETGTLFPIEEMARLADDAGIMFHTDAVQAVGKVPIDLKNSSIHMLSLCGHK 
En_his  Nifs  LVSCMWVNNETGLIMPVEELCKIAHDHGALFHSDATQAMGKIKVSVKDVPVDYLTFTAHK 
Ca_jej  Nifs  LVSVMWANNETGMIFDIKAMAELAHEFGALFHTDATQAVGKIKVNLTQVGVDFASFSAHK 
 
Tr_hom  Nfs   IYGPKGVGALYVR--RRPRVRLVPLFSGGGQERGLRSGTLPTPLIVGLGKAAAVCQEEMQ 
En_cun  Nfs   IYGPKGIGALYVR--RRPRVRMVPLINGGGQERGLRSGTVASPLVVGFGKAAEICSKEMK 
An_loc  Nfs   MYGPKGVGALFIR--KRPRIRISPLMSGGGQERGLRSGTIPVPLVVGLGKAAEICKQEMG 
Ho_sap  Nfs   IYGPKGVGAIYIR--RRPRVRVEALQSGGGQERGMRSGTVPTPLVVGLGAACEVAQQEME 
Sa_cer  Nfs   IYGPKGIGAIYVR--RRPRVRLEPLLSGGGQERGLRSGTLAPPLVAGFGEAARLMKKEFD 
Tr_vag2 Nfs   IHGPKGIGALYVS--SRPRSRVEPIINGGGQERNIRSGTLAVPLIVGLGKAAEIAKREMK 
Tr_vag1 Nfs   IHGPKGIGALFIG--SKPRVRVEPIVSGGGQERNIRSGTLAVPLIVGLGKAAEIAYREMK 
Pl_yoe  Nfs   LYGPKGVGALYIKR-KKPNIRLNAIIHGGGQERGLRSGTLPTHLIVGLGEAANICLSEMD 
Cr_par  Nfs   VYGPKGIGAFYIR--SKPRRRIKPLIFGGGQERGMRSGTMPVPLAVGFGEACKIASSEMN 
Gi_int  Nfs   IYGPKGVGALYIKRTDEKRVHLDPVFSGGGQEGGIRSGTLPVFLVVGMGEAAELAQKEMK 
Ri_pro  IscS  IYGPKGIGALYIR--KKPRVRVTPLINGGGQERGMRSGTLPTPLIVGLGIASEIAYNEME 
Es_col  IscS  IYGPKGIGALYVR--RKPRVRIEAQMHGGGHERGMRSGTLPVHQIVGMGEAYRIAKEEMA 
Az_vin  Nifs  LHAPKGVGVLYLR----RGTRFRPLLRGGHQERGRRAGTENAASIIGLGVAAERALQFME 
En_his  Nifs  FHGPKGVGALFIR----AGKPITPLLHGGEQMGGLRSGTIDTPSVVGMAVALKKATHDIN 
Ca_jej  Nifs  FHGPKGVGGLFIK----KGLKLTPLLHGGEHMGGRRSGTLNVPYIVAMGEALRIANTMLD 
 
Tr_hom  Nfs   RDLSWIESLSKKLYTCLKENIPNVIKNGSLQTN-------------------PLRWFPGC 
En_cun  Nfs   RDFEHIKELSKKLKNMFKKNIEGVIINGSEK------------------------GFPGC 
An_loc  Nfs   RDLLHLKRLSKKLFVYLKRKLKDIKRNGG--------------------------GYPGC 
Ho_sap  Nfs   YDHKRISKLSERLIQNIMKSLPDVVMNGDPK-----------------------HHYPGC 
Sa_cer  Nfs   NDQAHIKRLSDKLVKGLLS-AEHTTLNGSPD-----------------------HRYPGC 
Tr_vag2 Nfs   YDSPYIESLGKHLIEEVTKRIPYATVNGSLEH-----------------------RWFGC 
Tr_vag1 Nfs   YDSPYVESLGKYLISEIQRKLPKATFNGSLEH-----------------------RWFGC 
Pl_yoe  Nfs   RDNKKMNFFFNYVKNYISKELDYIIFNGCQIN-----------------------RYFGN 
Cr_par  Nfs   SDSIHVKSLYDKLYKGITTQLPDVELNGCGVN-----------------------RMFGN 
Gi_int  Nfs   KDALHYKSLFEIAREKLLS-LPSVRLNGPFPEDAILADKTKGAQKSQKKEPFSKKRILNN 
Ri_pro  IscS  KDTQHVNYLFDRFLNNIHSKISEVYLNGDKD-----------------------QRYKGN 
Es_col  IscS  TEMERLRGLRNRLWNGIKD-IEEVYLNGDLE-----------------------HGAPNI 
Az_vin  Nifs  HENTEVNALRDKLEAGILAVVPHAFVTGDPDN-----------------------RLPNT 
En_his  Nifs  IENTYVRKLRDKLEAALRT-IPDVTIVGKPEL-----------------------RVPNT 
Ca_jej  Nifs  FEDSHIRRLRDKLEDQILA-LPDTTVVGKREH-----------------------RVPNT 
 
 
Tr_hom  Nfs   LNLSFPHVEGEGLLMALKN--IALSSGSACTSASLEPSYVLRALGNDDELAHSSIRFGIG 
En_cun  Nfs   VNVSFPFVEGESLLMHLKD--IALSSGSACTSASLEPSYVLRALGRDDELAHSSIRFGIG 
An_loc  Nfs   LNISFPYVEGESLLMKLSD--IALSSGSACTSASLEPSYVIRALGTKEDLAHSSIRFGMG 
Ho_sap  Nfs   INLSFAYVEGESLLMALKD--VALSSGSACTSASLEPSYVLRAIGTDEDLAHSSIRFGIG 
Sa_cer  Nfs   VNVSFAYVEGESLLMALRD--IALSSGSACTSASLEPSYVLHALGKDDALAHSSIRFGIG 
Tr_vag2 Nfs   VNISFEAVEGESLMATIPN--FGVSSGSACTSASLEPSYVLKGIGVGDELAHTSLRIGIS 
Tr_vag1 Nfs   VNVSLNTIESAKLMTKIPE--FAFSSGSACIHNDDEPSYVLKAIGLSKQAAKTTVRIGLS 
Pl_yoe  Nfs   MNISFLFVEGESLLMSLND--IALSSGSACTSSTLEPSYVLRSIGITEEIAHTSIRIGFN 
Cr_par  Nfs   LNLSFTGVEGESLMMKLYS--LALSSGSACTSASLEPSYVLRAIGVGEDVAHTSIRFGLG 
Gi_int  Nfs   MNISFFGVEGESLMLGLDDA-ICMSSGSACTSQSLEPSHVLFALGLDPEFAHTAVRLGTS 
Ri_pro  IscS  LNLSFAGVEGESIILAIKD--LAVSSGSACTSASLEPSYVLRSIGISEELAHTSIRFGIG 
Es_col  IscS  LNVSFNYVEGESLIMALKD--LAVSSGSACTSASLEPSYVLRALGLNDELAHSSIRFSLG 
Az_vin  Nifs  ANIAFEYIEGEAILLLLNKVGIAASSGSACTSGSLEPSHVMRAMDIPYTAAHGTVRFSLS 
En_his  Nifs  ILVAFKGVEGEAMLWDLNKHGIAASTGSACASESLQANPTFKAMKFGEDLSHTGIRLSLS 
Ca_jej  Nifs  ILASIKGVEGEAMLWDLNKNGIAASTGSACASEALESNPIMEAIGAEHDLAHTALRLSLS 
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Tr_hom  Nfs   RFTTPCEIKEVAKQTTSAVKKLRDMSPLYEMEQE---GIDLKTIKWT-- 
En_cun  Nfs   RFTMAKEIDIVANKTVEAVQKLREMSPLYEMVKE---GIDLSKISWTS- 
An_loc  Nfs   RFTTRKEVREVGKRTESGVKSLRELSPLYEMAKE---GVDLDAIKWGE- 
Ho_sap  Nfs   AFTTEEEVDYTVEKCIQHVNRLREMSPLWEMVQD---GIDLKSIKWTQH 
Sa_cer  Nfs   RFSTEEEVDYVVKAVSDRVKFLRELSPLWEMVQE---GIDLNSIKWSGH 
Tr_vag2 Nfs   KFTTREEVDQFVELLEHAVKHLRDLSPLWEMKMS---GIDLSQVEWIQ- 
Tr_vag1 Nfs   KFTTKEDVDLFLKKLEELQ------------------------------ 
Pl_yoe  Nfs   RFTTFFEVQQLCKNLVKSVKRLRSISPLYEAELEKNTSGNYPKFIWT-- 
Cr_par  Nfs   RFTKHEDVDKAVKEIVESVTLLRKMSPLWDSITDTKVK-DEDSLKWT-- 
Gi_int  Nfs   RFTTEAEFRRACDLIAKXVAHLRDLSPLWEMTQK---GIDTKSIEWKHD 
Ri_pro  IscS  RFTTEQEIDYAVNLVCSKIDKLRRLSPLWEMMQE---GVDLKKIRWTAH 
Es_col  IscS  RFTTEEEIDYTIELVRKSIGRLRDLSPLWEMYKQ---GVDLNSIEWAHH 
Az_vin  Nifs  RYTTEEEIDRVIREVPPIVAQLRNVSPYWSGNGPVEDPGKAFAPVYG-- 
En_his  Nifs  RFNTEEEIDYTIDIIKKSVDRLRQLSSTYA------------------- 
Ca_jej  Nifs  RFNTEEEIDYAAKQIKNATQRLRAISCTYAYNPNNYK------------ 
 
 
Figure S2.  Conservation of functionally important residues in microsporidian cysteine 
desulphurase (Nfs1) sequences.   Sequence alignment of Nfs protein sequences against 
orthologous bacterial IscS and paralogous NifS sequences.  
 
Key to organism names: Tr_hom, Trachipleistophora hominis; En_cun, Encephalitozoon cuniculi; 
An_loc ,Antonospora locustae; Ho_sap, Homo sapiens; Sa_cer, Saccharomyces cerevisiae; Tr_vag, 
Trichomonas vaginalis; Pl_yoe, plasmodium yoelii; Cr_par, Crystosporidium parvum; Gi_int, Giardia 
intestinalis; Ri_pro, Rickettsia prowazekii; Es_col, Escherichia coli; Az_vin, Azotobacter vinelandii; 
En_his, Entamoeba Histolytica; Ca_jej, Campylobacter jejuni.  
 
The underlined N-terminal region of T. hominis Nfs1, prior to the first critical functional residues, was 
deleted for expression in yeast, and the fungal mitochondrial pre-sequence was added to its N-
terminus to ensure correct targeting to yeast mitochondria (see methods).  This construct, minus the 
fungal mitochondrial pre-sequence, was also used for heterologous co-expression with ThIsd11, in E. 
coli.  Hence the size of the ThNfs1 band in Western blots from the latter studies (Fig 1e) is slightly 
smaller (~44k) than the ThNfs1 band shown in figure S7 (~48k). 
 
Residues involved in binding pyridoxal phosphate (PLP)7,8 are highlighted in yellow.  Residues 
involved in substrate binding are highlighted in green.  The substrate cysteine is anchored by a salt 
bridge to Arg (393) and Asn (188). Asn (67) forms a hydrogen bond to the substrate7.  The PLP-
binding lysine residue7-9 (240) is highlighted in turquoise. 
The cysteine residue (367), essential for cysteine desulfurase activity10 is highlighted in pink.  The 
conserved histidine (138) residue involved in several protonation and deprotonation steps7,8 is 
highlighted in red.  The nuclear targeting signal sequence RRRPR that is required for survival of 
yeast cells11 is highlighted in dark green.  The cysteine residue conserved12 in all eukaryotic Nfs and 
in Rickettsia prowazekii IscS is highlighted in grey. 
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Tr_hom   ------------------------------------------------------------ 
En_cun   ------------------------------------------------------------ 
Ho_sap   MWTLGRRAVAGLLASPSPAQAQTLTRVPRPAELAPLCGRRGLRTDIDATCTPRRASSNQR 
Sa_cer   ----------------------MIKRSLASLVRVSSVMGRRYMIAAAGGERARFCPAVTN 
Tri_vag  ------------------------------------------------------------ 
Cr_par   -------------------------MNSIKLLNLKVVQNLSKFNTQYKVFNFRKSISTLK 
Ri_pro   ------------------------------------------------------------ 
Es_col   ------------------------------------------------------------ 
Az_vin   ------------------------------------------------------------ 
 
Tr_hom   ------------------------MLQKIADQRSYLTAAHNTLTALEKKLDN-------- 
En_cun   -------------------MLHKQTPEDVITRQLYHKLADETLTDLSEQLD------KEL 
Ho_sap   GLNQIWNVKKQSVYLMNLRKSGTLGHPGSLDETTYERLAEETLDSLAEFFEDLADKPYTF 
Sa_cer   KKNHTVNTFQKRFVESSTDGQVVPQEVLNLPLEKYHEEADDYLDHLLDSLEELSEA-HPD 
Tri_vag  --------------MLSGFSRSIMGYGAFTSDNAFKQKTADTLFSLCDYFQSKYE--SKG 
Cr_par   FLCDRNSKFVPPLAHNLLKLKKNRIYTNSSDISQFSSKTEGLFFEIEKKLSDLLDN-GLL 
Ri_pro   -----------------------------MNNTAFSKLAETTIVYIVDKIEEQ----DLE 
Es_col   -----------------------------MNDSEFHRLADQLWLTIEERLDDW----DGD 
Azo_vin  ---------------------------MSLTEARFHELIDDLQQNVEDVFE------DSD 
 
 
                                                  !1 
Tr_hom   DYGEIEHNNNVIEYTVD-GVGRYVVSRQPSVMELWVSSPITGPSKFGMV--EKKFVEKKN 
En_cun   DGGYADYKDGNLQIKID-NVGEYMFNKQPASMQIWASSPITGPRKFDICR-RHEWIDLKS 
Ho_sap   EDYDVSFGSGVLTVKLGGDLGTYVINKQTPNKQIWLSSPSSGPKRYDWT--GKNWVYSHD  
Sa_cer   CIPDVELSHGVMTLEIP-AFGTYVINKQPPNKQIWLASPLSGPNRFDLL--NGEWVSLRN 
Tri_vag  DEFFAEANDDSLTLSMK--GNQFLLSRQLPGHQIWVSSPVSGSLKFDYDNERNDWFDHKI 
Cr_par   SDIDLHDEFMNISFNLNGEKNTIVISKQPATNQIWYSSPLRKPDYFEFN---SDWRSNRT 
Ri_pro   GIIDVDLQGDILNLDT--ENGIYVINTQSASKEIWLSSPVSGPHHFFYE--QGKWKS-RI 
Es_col   SDIDCEINGGVLTITFE-NGSKIIINRQEPLHQVWLATKQGG-YHFDLK--GDEWICDRS 
Azo_vin  LDVDLENSAGVLSVRFE-NGSQLILSRQEPLRQLWLAARSGG-FHFDYDEAGGRWICDAS 
 
 
             "1      "2      "3       "4       "5      "6 
 
Tr_hom   GME-IMKYFEMEMERIKRMLGNR---------- 
En_cun   NTS-FSRYIEEELRRMRSKMAGKHKK------- 
Ho_sap   GVS-LHELLAAELTKALKTKLDLSSLAYSGKDA 
Sa_cer   GTK-LTDILTEEVEKAISKSQ------------ 
Tri_vag  KDRSLKVCLTEELQTAFGC-------------- 
Cr_par   NKT-LFEVLNDDLYKATGIHVNL---------- 
Ri_pro   GFE-LMVLLTEELGIRFDKYEIF---------- 
Es_col   GET-FWDLLEQAATQQAGETVSFR--------- 
Azo_vin  GDS-LGELLARVTLEQIGEELEFPEL------- 
 
 
               !2 
 
Figure S3.  Identification of candidate functionally important residues in microsporidian frataxin 
sequences.  
 
Key to organism names: Tr_hom, Trachipleistophora hominis; En_cun, Encephalitozoon Cuniculi; Ho_sap, 
Homo sapiens; Sa_cer, Saccharomyces cerevisiae; Tr_vag, Trichomonas vaginalis; Pl_yoe, plasmodium 
yoelii; Cr_par, Crystosporidium parvum; Ri_pro, Rickettsia prowazekii; Es_col, Escherichia coli; Az_vin, 
Azotobacter vinelandii. 
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Frataxin contains two highly conserved exposed residues: a semi-hydrophobic patch on the " sheet surface 
that was proposed to take part in intermolecular interactions, and a negatively charged region comprising 
residues in the helix !1 and the beta sheet "1 which represents the iron-binding region13. An appropriate 
acidic environment is also required for the function of frataxin in Fe-S cluster biosynthesis and its association 
with the Isu1 protein14. Since the helix !1 and the beta sheet "1 do not correspond to well-conserved 
segments of the proteins among the sampled proteins, including the microsporidia sequences, we 
investigated the presence of acidic residues known in other proteins to be important in this part of the 
protein. Putative residues involved in iron binding based on NMR spectroscopy and mutant studies are 
highlighted in blue13-15.  Residues13,15 of E. coli with the highest affinity for Fe2+ are highlighted in bold.  
Candidate iron-binding amino acids from T. hominis and E. cuniculi are highlighted in red. Common iron 
binding ligands in proteins involve Asp, Glu, His and Cys residues.  
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Tr_hom      -------------------------------------------------MSKPAIVGIDL
En_cun      ----------------------------------------MSNADAPSRKFSSSIIGIDL
An_loc      ---------------MCSVLCVYIYGSRAARLIRPFRKKFGHHKKMGAEVEKSTIIGIDL
Ho_sap      MISASRAAAARLVGAAASRGPTAARHQDSWNGLSHEAFRLVSRRDYASEAIKGAVVGIDL
Sac_Ssq1    -------------------------MLKSGRLNFLKLNINSRLLYSTNPQLTKKVIGIDL
Tr_vag      ---------------------------------------------------MTPIIGIDL
Pl_yoe      ------------MAGFNKNGLSRIVETCLKRNPLKNKIREICTSKVNHNRASGDIIGIDL
Cr_par      --MSMIINSSFNGVVNSSGIAARILKRSLPLVFSRYMSSKCEGKKSSNRRITGDIIGIDL
Gi_int      -----------------------------------------------MLKRHVKCLGFDL
Ri_proHscA  ----------------------------------MQIIEITEPKQTDFQQKLQIAVGIDF
Ri_proDnaK  ---------------------------------------------------MGKVIGIDL
Es_colHscA  ----------------------------------MALLQISEPGLSAAPHQRRLAAGIDL
Es_colDnaK  ---------------------------------------------------MGKIIGIDL
Az_vinHscA  ----------------------------------MALLQIAEPGQSPQPHQRRLAVGIDL
En_his      --------------------------------------------MFVSQPARSTCIGIDL
Ca_jej      ---------------------------------------------------MSKVIGIDL
Tr_hom      GTTNSCISIMQDNVAT----IIENQEGQRTTPSVINISGEN---------VIVGKPAQRK
En_cun      GTTNSCVSVIKDGKPV----IIENQEGERTTPSVVSILKDE---------VVVGTQARNR
An_loc      GTTNSCVSVIKDRYPK----IIRNRTGKRTTPSTVTFG-DK---------IVVGSELVD-
Ho_sap      GTTNSCVAVMEGKQAK----VLENAEGARTTPSVVAFTADGE--------RLVGMPAKRQ
Sac_Ssq1    GTTNSAVAYIRDSNDKKSATIIENDEGQRTTPSIVAFDVKSSPQNKDQMKTLVGMAAKRQ
Tr_vag      GTTNSCVSVVEGGTPK----VIQNAEGVRTTPSIVAFTNTGE--------RLVGEQAKRQ
Pl_yoe      GTTNSCVAIMEGKQGK----VIENAEGFRTTPSVVAFTNDNQ--------RLVGIVAKRQ
Cr_par      GTTNSCTAILEGTQPK----VLENSEGMRTTPSVVAFSEDGQ--------RLVGEVAKRQ
Gi_int      GTTNSCVSTMVSGVPT----VLPMLDGSRTVPSVVGYLPLEAR-----DTPLVGAEAERQ
Ri_proHscA  GTTNSLIAIATNRKVK----IIKSIGDKELIPTTIDFINEDL------------------
Ri_proDnaK  GTTNSCVAVMEGKEPK----VIDNAEGERTTPSIIAFAN-SE--------RLVGQPAKRQ
Es_colHscA  GTTNSLVATKVRSGQA---ETLADHEGRHLLPSVVHYQQQG---------HSVGYDARTN
Es_colDnaK  GTTNSCVAIMDGTTPR----VLENAEGDRTTPSIIAYTQDGE--------TLVGQPAKRQ
Az_vinHscA  GTTNSLVAT-LRSGLA---ESLKDTEGETILPSAVRYLPDGR--------VEVGRAAKAA
En_his      GTTNSCMCVFDKTTPR----ILENAEGKRTTPSCVSFTPTG---------ILVGEAAKRM
Ca_jej      GTTNSCVAVYERGESK----VIPNKEGKNTTPSVVAFTDKGE--------VLVGDSAKRQ
Tr_hom      LLTDPEHTIFNVKRLIGRKYAD--VKEYTKRLPFSVIDD--NGELKIKVD--DKRYEPAK
En_cun      ILMHPRNTIFASKRLIGRKFGDPEVEKYVKGLPFDTMSHC-NGDVWIRVD--GKKYSPAQ
An_loc      --GDPGATVFGTKRLIGRKFEDPEIQKYIQKLPYKTVSHV-NGDAWIKVS--DRMFSPSQ
Ho_sap      AVTNPNNTFYATKRLIGRRYDDPEVQKDIKNVPFKIVRAS-NGDAWVEAH--GKLYSPSQ
Sac_Ssq1    NAINSENTFFATKRLIGRAFNDKEVQRDMAVMPYKIVKCESNGQAYLSTSN-GLIQSPSQ
Tr_vag      AITNSKSTFFATKRLIGCSFDDEMTKKCREMVPYQIVKAK-SGDAWVKDEK-GNEYSPSQ
Pl_yoe      AITNPENTVYATKRFIGRKFDEDATKKEQKNLPYKIVRAP-NGDAWIEAQ--GKKYSPSQ
Cr_par      AITNPENTVYATKRLIGRRYEEEAIKKEQGILPYKIVRAD-NGDAWVEAR--GERYSPSQ
Gi_int      ALTNVKNTINASKRLIGRRFTDAEVKRAAKHVSYDIVQGP-NGEAMINVPNLHKSVSPIE
Ri_proHscA  -IIGNNKGLHSIKRLFGKTLKEILNTTTLFSLVKDYLDIN-SSELKLNFAN--KKMRIAE
Ri_proDnaK  AVTNPRNTIYAVKRLIGRNFTDPMVRKDQGLVPYNIVKAD-NGDAWVEAD--NHKYSPSQ
Es_colHscA  AALDTANTISSVKRLMGRSLAD--IQQRYPHLPYQFQASE-NGLPMIETAA--GLLNPVR
Es_colDnaK  AVTNPQNTLFAIKRLIGRRFQDEEVQRDVSIMPFKIIAAD-NGDAWVEVK--GQKMAPPQ
Az_vinHscA  AAVDPLNTVLSVKRLMGRGIAD--VKLLGEQLPYRFAEGE-SHMPFIETVQ--GPKSPVE
En_his      EALHPTTTVSGVKRMIGCQYKNVEQQRK----PYKIVEGR-NGEGWIYIN--GKTYSPSE
Ca_jej      AVTNPEKTIYSIKRIMGLMINEDAAKEAKNRLPYHITER--NGACAIEIA--GKIYTPQE
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Tr_hom      LSSFVLSKLRSAAESFLSRPVK---FAVITVPAYFNHTQREETKKAGELAGLKVLRVLNE
En_cun      IGAFVLSKLKSSAEAFLSHPVA---RSVITVPAYFNDSQRQATKDAGRIAGLDVVRVINE
An_loc      IAAYILTELKRCAEDFLKSPVS---KSVITVPAYFNDSQRQATKDAGRLAGLKVLRVINE
Ho_sap      IGAFVLMKMKETAENYLGHTAK---NAVITVPAYFNDSQRQATKDAGQISGLNVLRVINE
Sac_Ssq1    IASILLKYLKQTSEEYLGEKVN---LAVITVPAYFNDSQRQATKDAGKLAGLNVLRVINE
Tr_vag      IGAFVLMKMKETAEAYLGTSVK---DAVITVPAYFNDSQRQATKDAGKIAGLNVMRTLNE
Pl_yoe      IGACVLEKMKETAENYLGRKVH---QAVITVPAYFNDSQRQATKDAGKIAGLDVLRIINE
Cr_par      IGAFILEKMKETAETYLGRGVK---HAVITVPAYFNDSQRQATKDAGSIAGLNVTRIINE
Gi_int      VGSEILKYIKSQVQQRSGLEIEDKPHAVITCPAYFNNDQRRATELAGQLANLDVIRVLSE
Ri_proHscA  IAAEVFIYLKNQAEKQLKNNIT---KAVITVPAHFNDAARGEIMLAAKIAGFEVLRLIAE
Ri_proDnaK  ISAFILQKMKETAENYLGEKVT---QAVITVPAYFNDAQRQATKDAGKIAGLEVLRIINE
Es_colHscA  VSADILKALAARATEALAGELDG---VVITVPAYFDDAQRQGTKDAARLAGLHVLRLLNE
Es_colDnaK  ISAEVLKKMKKTAEDYLGEPVT---EAVITVPAYFNDAQRQATKDAGRIAGLEVKRIINE
Az_vinHscA  VSAEILRVLRRRAEEALGGELVG---AVITVPAYFDEAQRQATKDAARLAGLDVLRLLNE
En_his      ISSFILKKLKKDAEAKLGKRVD---EAVITCPAYFNDAQRQATKDAGTLAGLKVKRIINE
Ca_jej      ISAKVLMKLKEDAEAFLGESVV---DAVITVPAYFNDAQRKATKEAGTIAGLNVLRIINE
Tr_hom      PTSAALNHAIT---------GHIAVYDLGGGTFDISILEKSD----NIFEVKATAGDSFL
En_cun      PTAAALAYGLDK-----SARGNIAVYDLGGGTFDISILEVED----GVFHVKATNGDTFL
An_loc      PTAAALAYGLGR-----TENGTIAVFDLGGGTFDISILEIKD----GIFEVKSTNGNTHL
Ho_sap      PTAAALAYGLDK-----SEDKVIAVYDLGGGTFDISILEIQ----KGVFEVKSTNGDTFL
Sac_Ssq1    PTAAALSFGIDDK----RNNGLIAVYDLGGGTFDISILDIED----GVFEVRATNGDTHL
Tr_vag      PTAAALAYGTER-----KQGQTVAVFDLGGGTFDFSILEISK---DGVFEVKATNGDTFL
Pl_yoe      PTAAALAFGLEK-----SDGKVIAVYDLGGGTFDVSILEILG----GVFEVKATNGNTSL
Cr_par      PTAAALAYGMEK-----ADGKTIAVYDLGGGTFDISILEILG----GVFEVKATNGNTSL
Gi_int      PTAAALLYNYNSSSNKIKENEIFVVIDAGGGTYDISIMECSG---DGVYSVIATAGDGFL
Ri_proHscA  PTAAAYAYGLNK-----NQTGRYLVYDLGGGTFDVSILNIQEG----IFQVIATNGDNML
Ri_proDnaK  PTAAALAYGFEK-----SSSKTIAVYDLGGGTFDVSILEIS----DGVFEVKSTNGDTFL
Es_colHscA  PTAAAIAYGLDS-----GQEGVIAVYDLGGGTFDISILRLSR----GVFEVLATGGDSAL
Es_colDnaK  PTAAALAYGLDKG----TGNRTIAVYDLGGGTFDISIIEIDEVDGEKTFEVLATNGDTHL
Az_vinHscA  PTAAAVAYGLDR-----GAEGVVAIYDLGGGTFDISILRLTR----GVFEVLATGGDSAL
En_his      PTAAALAYGIDTRKE--NEGKNIAVYDLGGGTFDISILNIN----KGIFQVKATNGDTML
Ca_jej      PTSAALAYGLDK-----KDSEKIVVYDLGGGTFDVTVLET----GDNVVEVLATGGNAFL
Tr_hom      GGDDIDNTLTDFLMERLKNG--------------REMSDIDLAKIRPRIKKAAESAKKEL
En_cun      GGEDLDNEVVKFIVEDFKQK--------------EGIDLSNDVDALGRIKEGAEKIKKEL
An_loc      GGEDIDAEIVDYVIEKAGLR--------------HKAG-NMSAGTLKRIRRAAEAAKIEL
Ho_sap      GGEDFDQALLRHIVKEFKRE--------------TGVDLTKDNMALQRVREAAEKAKCEL
Sac_Ssq1    GGEDFDNVIVNYIIDTFIHENPE----------ITREEITKNRETMQRLKDVSERAKIDL
Tr_vag      GGEDFDAALMKYVIQDFQAK--------------NQIDLAKDPLALQRIREAVEKAKCEL
Pl_yoe      GGEDFDQRILEYFINEFKKK--------------ENIDLKNDKLALQRLREAAETAKIEL
Cr_par      GGEDFDQRILNYLIQEFKKT--------------QGIDLSRDKLALQRLREASETAKKEL
Gi_int      GGDDWDNGFVEYLIGDIAETFARGAPDTKSMKAAIMDAIRADPVMMYTLKLSAETAKKQF
Ri_proHscA  GGDDIDVVITQYLCNKFDLP------------------------HSIETLQLAKKAKEIL
Ri_proDnaK  GGEDFDTRILNHLIEVFKKE--------------SGIDLSKDPLALQRLKEAAEKAKKEL
Es_colHscA  GGDDFDHLLADYIREQAGIP------------------DRSDNRVQRELLDAAIAAKIAL
Es_colDnaK  GGEDFDSRLINYLVEEFKKD--------------QGIDLRNDPLAMQRLKEAAEKAKIEL
Az_vinHscA  GGDDFDHAIANWIVEQAGLS------------------ADLDPGVQRHLLQLACAAKEAL
En_his      GGEDFDKAICQYIEKEFERK--------------YKRNLQRNKKGISRIKEAAEKVKCEL
Ca_jej      GGDDFDNKLIDFLANEFKDE--------------TGIDLKNDVMALQRLKEAAENAKKEL
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Tr_hom      STQETVTIDIPYAYKDTHFTY-----------------ELKRAEFEDVVAPLIKRTVKPC
En_cun      SVSCTSKMEIPYICNSQGGPKHLCR-------------EITRSEFEQIAKKIVERTIAPC
An_loc      SQADSTRIKALVELRDSPVDTEFGKQDAADKYSVEVDVVLTRNELEDIAEKIVNKTIEPC
Ho_sap      SSSVQTDINLPYLTMDSSGPKH-------------LNMKLTRAQFEGIVTDLIRRTIAPC
Sac_Ssq1    SHVKKTFIELPFVY----KSKH-------------LRVPMTEEELDNMTLSLINRTIPPV
Tr_vag      SSMMTTEINLPYITVTGAGPKH-------------LQMPITRATFEKITQHLIARTINPC
Pl_yoe      SSKTQTEVNLPFITANQTGPKH-------------LQIKLTRAKLEELCHDLLKGTIEPC
Cr_par      SSKTQVEINLPFITADARGPKH-------------LQIKLSRAKYEELVDDLLKKTISPS
Gi_int      SEKVSTEIILPGFYDGKSYKKV-----------------ITRDQFELLTAPLVARLIPPC
Ri_proHscA  TYKESFNNDIIS---------------------------INKQTLEQLISPLVERTINIT
Ri_proDnaK  SSTSTTDINLPYITADSTGPKH-------------LNIKFTRAELEKLVDDLIEKTIEPC
Es_colHscA  SDADSVTVNVAGWQG-----------------------EISREQFNELIAPLVKRTLLAC
Es_colDnaK  SSAQQTDVNLPYITADATGPKH-------------MNIKVTRAKLESLVEDLVNRSIEPL
Az_vinHscA  SDSGSVALAYGPWQG-----------------------ELSRERFEALIEPLVARSLKAC
En_his      SSSEESVISLPYLDGQDS-----------------LEITISRRKIEQLRKGICKRTEYPC
Ca_jej      SSANETEINLPFITADASGPKH-------------LVKKLTRAKFEGMIDSLVAETITKI
Tr_hom      LKALKDANID--QVDHLVLVGGMTRMPLVRKLSEEIFNRKPLFTASPDESVAQGAAIQAA
En_cun      KRALADAGLDSSDIKHVILVGGMTRMPYVRRVVKEIFGIEPSTDINPDEAVANGAALQGG
An_loc      KKAIKDAKVDLKDIQHVILVGGMTRMPLVQRVVEKIFKRKPIFGVDPEEAVAKGAAVQGG
Ho_sap      QKAMQDAEVSKSDIGEVILVGGMTRMPKVQQTVQDLFGRAPSKAVNPDEAVAIGAAIQGG
Sac_Ssq1    KQALKDADIEPEDIDEVILVGGMTRMPKIRSVVKDLFGKSPNSSVNPDETVALGAAIQGG
Tr_vag      KNCLKDAGLTPQQINEVILVGGMTRMPKVIDSVKEFFGKDPFRGVNPDEVVAIGASIQGS
Pl_yoe      EKCIKDANIKKDEINEIILVGGMTRMPKVSDTVKEIFQNSPSKSVNPDEAVALGAAIQGG
Cr_par      EKCIRDSGIPKEKINDVILVGGMTRMPKVSETVKKIFGREPSKGVNPDEAVAMGAAIQAG
Gi_int      KQALTDADLTPRDISKILYVGGTTRSLALQRKVSEFFKQKGLTTMNPDESVSLGAAVQGA
Ri_proHscA  QECLEQSGNP--NIDGVILVGGTTRIPLIKDELYKAFKIDILSDIDPDKAVVCGAALQAE
Ri_proDnaK  RQALKDAGFKPNDIQEVVLVGGMTRMPKVQEAVKKFFGREPHKGVNPDEVVALGAAIQGG
Es_colHscA  RRALKDAGVEADEVLEVVMVGGSTRVPLVRERVGEFFGRPPLTSIDPDKVVAIGAAIQAD
Es_colDnaK  KVALQDAGLSVSDIDDVILVGGQTRMPMVQKKVAEFFGKEPRKDVNPDEAVAIGAAVQGG
Az_vinHscA  RRALRDAGIEPQEIAAVVMVGGSTRVPRVRRAAAELFDRQPLTDIDPDQVVAIGAALQAD
En_his      LQCMKDAKLRKKDISDVVLVGGMTRMPLIQNTVQEIFGKKPSKNVNPDEAVAIGAAIQAS
Ca_jej      NEVVSDAGLKKDEIKEIVMVGGSTRVPLVQEEVKKAFNKDLNKSVNPDEVVAIGAAIQGA
Tr_hom      ILSG---DVN-KLLLDVTSLSLGIETVGGLMSTIVKRNSTLPLKKSSVFTTSEDNQEEVI
En_cun      VLMG---EIDDVLLLDVAPLSLGIELLGGVFSRVIRRNTTIPFKETQVFSTSEDNQTEVD
An_loc      ILSG---DVNNMLLLDVASLSLGIETVGGIFSPIIRRNTTLPVKETQVFTTSEDNQTEVD
Ho_sap      VLAG---DVTDVLLLDVTPLSLGIETLGGVFTKLINRNTTIPTKKSQVFSTAADGQTQVE
Sac_Ssq1    ILSG---EIKNVLLLDVTPLTLGIETFGGAFSPLIPRNTTVPVKKTEIFSTGVDGQAGVD
Tr_vag      VMRG---DHKDIVLLDVTPLSLGIETMGGVFSRLIPRNTVVPTKKSQEFTTAADGQTHVN
Pl_yoe      VLKG---EIKDLLLLDVIPLSLGIETLGGVFTKLINRNTTIPTKKSQVFSTAADNQTQVS
Cr_par      VLKG---EIKDLLLLDVTPLSLGIETLGGVFTRLINRNTTIPTKKSQVFSTAADNQTQVG
Gi_int      ILNH---EVNSILLLDVAPLSLGLETLGGIFSPIIKRNATIPTRKTQTFTTSEDNQRSVK
Ri_proHscA  NLIT---QHTNSLLIDVVPLSLGIELYGGIVEKIITRNTPIPIAVIKEFTTYADNQTGIQ
Ri_proDnaK  VLNK---EVTDILLLDVTPLSLGIETLGGVFTRLIDRNTTIPSKKSQVFSTADDNQHAVT
Es_colHscA  ILVGNKPDSE-MLLLDVIPLSLGLETMGGLVEKVIPRNTTIPVARAQDFTTFKDGQTAMS
Es_colDnaK  VLTG---DVKDVLLLDVTPLSLGIETMGGVMTTLIAKNTTIPTKHSQVFSTAEDNQSAVT
Az_vinHscA  TLAGNGRDGEELLLLDVNPLSLGLETMGRLMEKVIPRNTTLPVARAQEFTTYKDGQTAML
En_his      IIEG---KKKDIILVDVTPLTLGIETYGGVMTPLINRNTTIPTSVSKEFTTSMDNQQEVD
Ca_jej      VIKG---DVKDVLLLDVTPLSLGIETLGGVMTKIIEKGTTIPTKKEQVFSTAEDNQSAVT
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Tr_hom      VNIYQGESENVKDNCFLGKIILKDIKKAPKGVPRIEVGFEADVNGIYRVTAKDLLTGREQ
En_cun      IKVYQGERSMVADNKYLGQIKLKSIPPLPRGVPRIEVTFESDANGIYRVTAQDSITKEPQ
An_loc      INIYQGERPLVKYNKFLGSLKLKNIPRAPKNVPKIEVTFESDANGICKITARDALTKKEQ
Ho_sap      IKVCQGEREMAGDNKLLGQFTLIGIPPAPRGVPQIEVTFDIDANGIVHVSAKDKGTRREQ
Sac_Ssq1    IKVFQGERGLVRNNKLIGDLKLTGITPLPKGIPQIYVTFDIDADGIINVSAAEKSSGKQQ
Tr_vag      IRVFQGERDLVEGNKLLGEFTLVGIPPAPRGVPKIEVTFDIDANSIVHVSAKDKQTNKEQ
Pl_yoe      IKVFQGEREMACDNKMLGSFDLVGIPPAPRGVPQIEVTFDVDANAIINISAIDKMTNKKQ
Cr_par      IKVFQGEREFAADNKLLGQFEMMGIPPAPRGVPQIEVTFDIDANGIMNVGAIDKSTGKKH
Gi_int      IKVFQGEREIASQNHYLGEFELDNLPPGPRGSLKIDISFEVDENGLIHVKAVDQDTGVQQ
Ri_proHscA  FHILQGEREMAADCRSLARFELKGLPPMKAGNIRVEVTFAIDADGILSVSAYEKISNISH
Ri_proDnaK  IRVFQGEREMAKDNKLLGQFNLEGIPPAPRGVPQIEVTFDIDANGIVHVSAKDKASGKEQ
Es_colHscA  IHVMQGERELVQDCRSLARFALRGIPALPAGGAHIRVTFQVDADGLLSVTAMEKSTGVEA
Es_colDnaK  IHVLQGERKRAADNKSLGQFNLDGINPAPRGMPQIEVTFDIDADGILHVSAKDKNSGKEQ
Az_vinHscA  IHVLQGERELVKDCRSLARFELRGIPPMVAGAAKIRVTFQVDADGLLNVSARELGSGIEA
En_his      IKVFQGERRVTRKNKKLGEFKLVGIPPAKKGVAKIEVTFDIDVNGIVKVSALDKGTGKKT
Ca_jej      INVLQGEREFSRDNKSLGNFNLEGIPPAPRGMPQIEVTFDIDANGILTVSAKDKATGKAQ
Tr_hom      SAEVTGIQTKEKDVAEKMQDKVDEKDEMVDKN---------DANKSNRFFDLIQSLLSKN
En_cun      SLEIIPSSGLTEAEVERMVEESERLRHLDEMKRRKAELIVSSSELLRRPPTELERIPKNY
An_loc      SLELLPSGGLTKSEIERMIKDAETKKICDQKT----VYVVESKNKLRKFIEECDAIHADV
Ho_sap      QIVIQSSGGLSKDDIENMVKNAEKYAEEDRRKKERVEAVNMAEGIIHDTETKMEEFKDQL
Sac_Ssq1    SITVIPNSGLSEEEIAKLIEEANANRAQDNLIRQRLELISKADIMISDTENLFKRYEKLI
Tr_vag      QMTIQQHGGLSQDEIAKMIQDAEKHAAEDKKKREILEKKYAMKQYINEIEKTISENEKKL
Pl_yoe      QITIQSSGGLSKEEIEKMVQEAELNREKDQHKKNLTDSKNEAETLIYSSEKQLDDFKDKI
Cr_par      EITIQSSGGLSGAEIEKMIREAEEYRANDQAKKELIDLKNDAEAFIYSVQNQISSLADQI
Gi_int      SIKIN-NASLSQDAINEMLKAAAENKEADKREREIFEYSKELGGLIAGLKEALREHKDLL
Ri_proHscA  NIEIKPNHGINKTEIETMLKNAYKNAKIDYTTRLLQEAVIETEALMSSIERSIIKLTKLL
Ri_proDnaK  KVTIQASGGLSDAEIEQMVKDAEHNADEDKKRKELIETKNAADSLVYSTEKTLREYGDKL
Es_colHscA  SIQVKPSYGLTDSEIASMIKDSMSYAEQDVKARMLAEQKVEAARVLESLHGALAAD-AAL
Es_colDnaK  KITIKASSGLNEDEIQKMVRDAEANAEADRKFEELVQTRNQGDHLLHSTRKQVEEAGDKL
Az_vinHscA  SVQVKPSYGLTDGEIARMLKDSFEYAGGDKAARALREQQVEAQRLLEAVQAALEADGEAL
En_his      GIQVKSNGGLNEEEINRLVKEGEEHAAEDKRKEQLLLHRQRLKEMIESAEDIQKELIKKK
Ca_jej      EIKITGSSGLSEEEINNMVKDAELHKEEDKKRKEAVDARNAADSLAHQVEKSLSELGEKV
Tr_hom      ----------------SQEVVGD-----------KNEEIL--------------------
En_cun      ------------LDRLGKVVKGEDF------DLKEMEEVLLSAKKSMS------------
An_loc      K----------GVDELRRMVYSDQF------DPEVAERKMEEVRARL-------------
Ho_sap      PADECNK-LKEEISKMRELLARKDSE-----TGENIRQAASSLQQASLKLFEMAYKKMAS
Sac_Ssq1    SSEKEYSNIVEDIKALRQAIKNFKA------NENDMSIDVNGIKKATDALQGRALKLFQS
Tr_vag      PADLLKR-IRDSVKDLKDAIAGN--------DEKKIEEKYDALKAASMEIYNAISD----
Pl_yoe      SDSDKEE-LKQKISALREKLTS--------DDLDSIKDATKQLQEKSWAISQEMYK--NN
Cr_par      NTQEKDS-LESKISKLQSILQESTQSSDYESAIQSIKSQLEELKQASWAITQKAYKPGNS
Gi_int      SKDIVEK-GNRLVTQSSDFLADADD------LAKRKLIDLLELKKCRDRAHRLMLEMGKS
Ri_proHscA  SESEISI-INALLDNIKDAVQTR--------DQILIKNSIKEFKSKIKKYLDTKLNINDL
Ri_proDnaK  SSEEKGT-VEEALTSLKAALESE--------DASLIKEKTGNLTAANMKIGEAMYKTQTE
Es_colHscA  LSAAERQVIDDAAAHLSEVAQGD--------DVDAIEQAIKNVDKQTQDFAARRMDQSVR
Es_colDnaK  PADDKTA-IESALTALETALKGE--------DKAAIEAKMQELAQVSQKLMEIAQQQHAQ
Az_vinHscA  LSPAERAAIEAQMQALRGVLDGP--------DAAVIETHVRHLTQVTDAFAARRLDASVK
En_his      --IETRE-LERVINQSKKVITSE--------DENEIKRLINQLGEETSNSSAKLYN----
Ca_jej      AAADKEN-IQKALDDLRETLKNQNA------SKEEIESKMKALSEVSHKLAENMYKKDEP
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Tr_hom      ------------------------------
En_cun      ------------------------------
An_loc      ------------------------------
Ho_sap      ERE----GSGSSGTGEQKEDQKEEKQ----
Sac_Ssq1    ATK------NQQNQGK--------------
Tr_vag      ---------NNTNKNKK-------------
Pl_yoe      AQQG---SQQEQNTTENKAEENKDNA----
Cr_par      DNQS---SENYANHEDNSCESQDSDS----
Gi_int      LEG------RATST----------------
Ri_proHscA  RKCK------NSNQIK--------------
Ri_proDnaK  NQH----SEANTVNNEKVVDADFQDVDKK-
Es_colHscA  RALK----GHSVDEV---------------
Es_colDnaK  QQTAGADASANNAKDDDVVDAEFEEVKDKK
Az_vinHscA  AALS----GRRLNEIEE-------------
En_his      ------------------------------
Ca_jej      NT-----ANDKKKKDDDVIDAEVE------
Figure S4.  Conservation of functionally important residues in microsporidian
mitochondrial Hsp70 and homologous proteins (Ssq1/HscA/DnaK).
Key to organism names: Tr_hom, Trachipleistophora hominis; En_cun, Encephalitozoon
cuniculi; An_loc, Antonospora locustae; Ho_sap, Homo sapiens; Sa_cer, Saccharomyces
cerevisiae; Tr_vag, Trichomonas vaginalis; Pl_yoe, Plasmodium yoelii; Cr_par,
Crystosporidium parvum; Gi_int, Giardia intestinalis; Ri_pro, Rickettsia prowazekii; Es_col,
Escherichia coli; Az_vin, Azotobacter vinelandii; En_his, Entamoeba histolytica; Ca_jej,
Campylobacter jejuni.
Ssq1 and HscA are specialized Hsp70 proteins that function in Fe/S cluster biogenesis in a
subset of fungi and bacteria16. Residues labelled in blue have been shown to be important for
the ATPase activity in E.coli DnaK and/or bovine Hsc70 (Hsp70) proteins17,18. Within these
conserved alignment sites variable residues among microsporidia are in bold. Residues
labelled in dark green were shown to be involved in substrate interactions involving the yeast
Ssq1 protein19.
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En_cun  -------------MALSQPLKMEVLDHNDAFEELKEYDVVVGYESESNELCNMLRNAGVD
Ho_sap  ------------------------------------------------------------
Sa_cer  ------------------------------------------------------------
Pl_yoe  MNFITEADRANLEKSEGLKLFYTNSNQSKEYESHINVLKEIADDYEKIKIYVINMSSNNN
Gi_int  -----------MDQINGGLFPKALALTRYASRGLILGIISAAGAELENQLAGFLTRRYPR
Ri_pro  ------------------------------------------------------------
Es_col  ------------------------------------------------------------
Az_vin  ------------------------------------------------------------
En_cun  YVEVNLGESERLKAEFMKHFNVSKLPVLIIKGSPVSGDPSDKIREYAEEREGDILRRIQS
Ho_sap  -------------MSGSLGRAAAALLRWGRGAGGGGLWGPGVRAAGSGAGGGGSAEQLDA
Sa_cer  --------------------MFLPKFNPIRSFSPILRAKTLLRYQNRMYLSTEIRKAIED
Pl_yoe  SYGFEFYDDSKLLKGFTNCHIGAITSFLRKYMSSCNYGNGEMENDNEND-EEKINKKIEN
Gi_int  SLFLPNAQNSVSRFLMPVCAPLATVSRGLERTSDLNATLAQSESIKQEL-KMFILPQIRE
Ri_pro  ------------------------------------------------MTKNKNLEFIQN
Es_col  -----------------------------------------------MSTTIEKIQRQIA
Az_vin  ------------------------------------------------MQVQDTEARIRK
En_cun  TVDPKRVTLFIKGSPENPKCGFTKTLMDILYSAGVTKDQIVYFDILSDEDVRRKLKEINS
Ho_sap  LVKKDKVVVFLKGTPEQPQCGFSNAVVQILRLHGVR--DYAAYNVLDDPELRQGIKDYSN
Sa_cer  AIESAPVVLFMKGTPEFPKCGFSRATIGLLGNQGVDPAKFAAYNVLEDPELREGIKEFSE
Pl_yoe  LLKSNKIILFMKGSKTFPQCKFSNAVVFMLNSLKIK---YNTYDILQDEDIRNKLKIYSN
Gi_int  LLAENPVVLFMKGTPDSPECGFSKFASMLLKYNNIS---FVGVDVLDDPALRQGIKLYGN
Ri_pro  AIKKNKVVLFMKGTKEMPACGFSGTVVAILNKLGV---EFSDINVLFDTALREDLKKFSD
Es_col  ---ENPILLYMKGSPKLPSCGFSAQAVQALAACGER---FAYVDILQNPDIRAELPKYAN
Az_vin  QIAENPVILYMKGTPAAPECGFSRAAVGALSKAGKP---FAYVNVLTAPHIREKLPKLFQ
En_cun  WPTFPQVYIGGRFIGGLDVVRKMSEKGELRREIQEII---------------
Ho_sap  WPTIPQVYLNGEFVGGCDILLQMHQNGDLVEELKKLGIHSTLLDEKKDQDSK
Sa_cer  WPTIPQLYVNKEFIGGCDVITSMARSGELADLLEEAQAL--VPEEEEETKDR
Pl_yoe  WPTYPQLYINTELIGGHDIIKSMYDTNELKEIIPSDCFEV------------
Gi_int  WPTIPQLYVKGELIGGSDIIQQLHESGELRKVCG-------LPD--------
Ri_pro  WPTFPQLYINGVLVGGCDIAKELYQNGELEKMLKDVVV--------------
Es_col  WPTFPQLWVDGELVGGCDIVIEMYQRGELQQLIKETAAKYKSEEPDAE----
Az_vin  WPTFPQLFVNGELIGGSDIILEMEADGSLKELLEKA-----VPQA-------
Figure S5. Conservation of functionally important residues among Grx5 proteins.
Key to organism names: En_cun, Encephalitozoon Cuniculi; Ho_sap, Homo sapiens; Sa_cer,
Saccharomyces cerevisiae; Pl_yoe, plasmodium yoelii; Gi_int, Giardia intestinalis; Ri_pro, Rickettsia
prowazekii; Es_col, Escherichia coli; Az_vin, Azotobacter vinelandii.
Highlighted in blue are the amino acids required for biological activity in Saccharomyces cerevisiae20. These
residues are all conserved in E. cuniculi.
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                           !-Helix                 !-Helix 
 
Tr_hom   ------------MDKITNTYSALLSSITNFKNRNIRAYFKRKAFDEYLECV----NGVR- 
En_cun   ----------MLPESVSNLYKDLRSVACRFKSPAFGSYFLGKVEDDFKDIKLKSCDGKDE 
An_loc   ----------MTLEQATDLYRKLVKTVKKFKSPAFRTYFLRKSMDDYKSLQ----SEIDE 
Ho_sap   -------MAASSRAQVLSLYRAMLRESKRFSAYNYRTYAVRRIRDAFRENK----NVKDP 
Sa_ser   ----MPGFTAPTRRQVLSLYKEFIKNANQFNNYNFREYFLSKTRTTFRKNM----NQQDP 
Sc_pom   --------MSVSKQHVVRLYRNILKTSKLFPY-TYREYTIRRTRDKFKELK----VESDP 
Tr_vag   MLSSFLSRTFANESVMANLRESIQKIALDFPQKNFQEHYKRWADNMYTEGT----GIKDP 
                                      * 
                        !-Helix 
 
Tr_hom   -----PVEKYLKDNEELKGVMDRQSVIYNFYED-------------------------- 
En_cun   R----AIERYLEEQGKLLDVLKRQTDIYNMFYD---------------------DSSWI 
An_loc   GKYECAIKKYMKEQSELLDAMKRQTVIYNMFYD---------------------EENNI 
Ho_sap   VEI----QTLVNKAKRDLGVIRRQVHIGQLYSTDKLIIENRDMPRT------------- 
Sa_ser   KVL----MNLFKEAKNDLGVLKRQSVISQMYTFDRLVVEPLQGRKH------------- 
Sc_pom   AKF----EQGIKDSEKLLEIIQRQSIINGMYNKRNLVVEGIDDTAEGEVKKSFENASQS 
Tr_vag   KKF----DEFLKITKSDIEALKRQVVIQKMYLE-------------------------- 
                               **  * 
  
 
Figure S6. Sequence alignment of Isd11 protein sequences.  
Key to organism names: Tr_hom, Trachipleistophora hominis; En_cun, Encephalitozoon cuniculi; 
An_loc, Antonospora locustae; Ho_sap, Homo sapiens; Sa_cer, Saccharomyces cerevisiae; 
Sc_pom, Schizosaccharomyces pombe; Tr_vag, Trichomonas vaginalis. 
 
Amino-acid residues conserved in all sequences are indicated by*. Identical or chemically similar 
residues in !50% of sequences are highlighted in black or grey, respectively. The bars indicate 
the  predicted consensus structural arrangement of !-helices21. The alignment was generated 
using generated using T-Coffee22 and the shading by the Boxshade web server 
(http://www.ch.embnet.org/software/BOX_form.html). 
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Figure S7.  Analysis of the expression of T. hominis Isu1, Nfs1, Yfh1 and 
mitosomal (m)Hsp70 by Western blotting. a, Typical SDS-PAGE gel of protein 
extracts from T hominis spores (S), RK-13 cells infected with T. hominis (I) and 
non-infected RK-13 cells (N) stained with Coomassie blue.  b, Western blot 
analysis of mitosomal ThmHsp70 using a previously published antibody23.  A 
protein with an apparent relative molecular mass (Mr) of 60000 (60k) is present in 
T. hominis spores and infected RK-13 cells, but not in uninfected RK-13 cells.  A 
rabbit polyclonal antibody (this study) to ThNfs1 detected a band of the correct 
size for the native protein (~48k) in spores and in infected cells.  Polyclonal 
antisera (this study) against ThIsu1 (mouse) and ThYfh1 (rabbit) detected 
specific bands below 15k in spores and infected RK-13 cells, but not in 
uninfected cells. The theoretical Mr of ThIsu1 and ThYfh1 are 14.9 and 12.2k 
respectively .  
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Figure S8. Yfh1- and Grx5-like proteins from E. cuniculi can replace the
related yeast proteins in their function in Fe/S protein biogenesis. a,
Restoration of the growth defect of a frataxin (Yfh1) yeast mutant by E. cuniculi
Yfh1 (EcYfh1). Gal-YFH1 cells24 were transformed with plasmids carrying either
no gene (-) or the gene for EcYFH1 which lacks or contains the coding
information of the mitochondrial presequence of subunit 9 of F0-ATPase (pSu9-
EcYFH1). These cells and a wild-type control were grown on minimal medium
containing galactose or glycerol 3 days at 30°C. b, Restoration of the growth
defect of a glutaredoxin (Grx5) yeast mutant by E. cuniculi Grx5 (EcGrx5). Gal-
GRX5 cells25 were transformed with a plasmid carrying either no gene (-) or a
fusion gene of EcGrx5 and an N-terminal mitochondrial presequence as
described in part a (pSu9-EcGRX5). Growth was as in part a. c, Subcellular
localisation of EcYfh1 after synthesis in yeast. Cells described in part a were
used to isolate mitochondria (Mito) and a post-mitochondrial supernatant (PMS)
after growth in minimal medium containing galactose (Gal) or glucose (Glc).
Samples were subjected to SDS-PAGE and immunostaining against
mitochondrial aconitase (Aco1) and frataxin (Yfh1), cytosolic phosphoglycerate
kinase (Pgk1), and EcYfh1 using specific antisera. No protein band was detected
for EcYfh1 in the PMS fraction (rightmost lane), most likely because of its
degradation in the cytosol. The amount of Yfh1 in the mitochondrial fraction of
wild-type cells (leftmost lane) was below the detection limit. d, Subcellular
localisation of EcGrx5 after synthesis in yeast. Cell growth in glucose-containing
minimal medium, fractionation, and immunostaining against Aco1, Pgk1, and
EcGrx5 carrying a Strep-tag was as described in part c.
b0
20
40
60
80
!-Aco1 !-Leu1
  !
ThmHsp70
c
!-Isu1
Isu1"
+ThmHsp70
0
4
8
12
16
! Isu1"
(Goldberg, Molik et al. Suppl. Fig. S9)
a
!
ThmHSP70
5
5
F
e
 i
n
c
o
rp
o
ra
ti
o
n
 (
1
0
3
 c
p
m
/g
 c
e
ll
s
)
5
5
F
e
 i
n
c
o
rp
o
ra
ti
o
n
 (
1
0
3
 c
p
m
/g
 c
e
ll
s
)
Figure S9. The T. hominis mitochondrial Hsp70 interferes with the transfer
of Fe/S clusters from the scaffold Isu1 to apoproteins. a, ThmHsp70 inhibits
the growth of yeast cells. Wild-type yeast cells were transformed with plasmid
p426 carrying no (-) or the ThmHSP70 gene. Serial tenfold dilutions of cells were
grown on minimal medium for 3 days at 30°C. b, Wild-type yeast cells lacking (-)
or containing the gene encoding ThmHsp70 were grown in glucose-containing
iron-poor minimal medium (no added iron) for 14 h, and were then radiolabelled
with 10 !Ci of 55Fe in the presence of 1 mM ascorbate for 2 h at 30°C.
Mitochondrial aconitase (!-Aco1) and cytosolic isopropylmalate isomerase (!-
Leu1) were immunoprecipitated with specific antisera, the antibody-bound 55Fe
was quantified by scintillation counting and taken as a measure of de novo Fe/S
cluster formation26.  The results of three independent experiments are shown. c,
Wild-type cells were transformed with a plasmid allowing overproduction of yeast
Isu1 (Isu1"), and a plasmid encoding ThmHsp70 as indicated. Cells were grown
as in part b, and the amount of 55Fe associated with immunoprecipitated Isu1 (!-
Isu1) was quantified. The marked increase of 55Fe associated with the scaffold
protein Isu1 indicates a specific block of Fe/S cluster transfer to apoproteins
upon overproduction of ThmHsp70.
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